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FOREWORD

The Massachusetts Institute of Technology has been under
contract to the Avionics Laboratory of the Air Force Wright
Aeronautical Laboratories at Wright-Patterson Air Force Base,
"Ohio, to conduct research into'the fundamental issues and
problems associated with decentralized relative navigation and
JTIDS/GPS/INS integrated navigation systems. The contract
F33615-79-C-1879 has been monitored for the Air Force by Mr.
James I. Barker of the AFWAL., The principal investigator for
M.I.T. has been Dr. William S. Widnall, Associate Professor,
Department of Aeronautics and Astronautics, Research assistants
have been Giuseppe F. Gobbini and John F. Kelley,

This final technical report summarizes the contract research
results, from contract start in August 1979 to completicn. The
research on the stability of decentralized navigation and
navigation based on measurement sharing was conducted by Mr.
Gobbini and Prof. Widnall. The analysis of JTIDS/GPS/INS
integration was provided by Prof. Widnall. The design and
implementation of the JTIDS/GPS/INS simulator was conducted by
‘:$ Mr. Kelley and Prof. Widnall. Simulation results included in the
report were generated by Mr. Gobbini and Mr. Kelley. The text of

this report has been written by Prof. Widnall.
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CHAPTER

INTRODUCTION

~

~.1 Scope of Reporg

The joint services of the United States Department of
Defense are developing a Joint Tactical Information Distribution
System (JTIDS), a time division multiple access command controil
communication system. The JTIDS is to include a relative
navigation {(Relnav) capability wherebv nembers of the tactical
community can determine their position relative to other memters
of the community. 1Initial designs for the Relnav capability have
peen implemented in the prctotype JTIDS terminals.

Future improvements to the navigation capability will depend
in part on a deeper urderstanding of the fundamental concepts and
issues associated with relative navigation and of the fundamental
problems associated with ¢ptimizing the integration of JTIDS,
Global Positioning System (GPS), and Inertial Navigation System
({INS) data. The Massachusetts Institute of Technology has been
under contract to the Avionics Laboratory of the Air Force Wright
Aeronautical Laboratory to conduct research into such fundamental
issues.

This contract final technical report summarizes the M,.I.T.
research results. Chapter 2 is a review of prior research and
development as reported in both the applied literature on JTIDS

Relnav and the theoretical literature on decentralized
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estimation. Chapter 3 treats the stability of decentralized
navigation. Chapter 4 presents an alternate approach for
community navigation based on measurement sharing. Chapter 5
discuses the integration of JTIDS, GPS, and INS navigation data.
Chapter b cescribes the capabilities of the 4,.I.T. simulator
developed during this research effort. Chaptar 7 presents
JTIDS/INS Relnav simulation results. Chapter 8 presents
JTIDS/GPS/INS simuiation results. Thapter 9 summarizes the

research conclusions.

1.7 JTIDE Concepts

The Joint Tactical Information Distribution System (JTIRS)
is a synchronous, time-division multiple-access (TDMA4;, spread
spectrum ccmmunication system. The JTIDS will provide a secure
antijam data link between military elements in a tactical
envircnment The elements can inciude users in the air, on the
sea, and on land. An introduction to the JTIDS system concept
and a description o one communication terminal hardware
implementaion is provided by Dell-Imagine of Hughes in Ref. 1.

The system architecture uses time division to alilow multiple
users to participate. Each terminal within as network is
assigned a number of transmit time slots in which it can
broadcast messages. Each terminal in the net can listen to all
time slets in wnich it is not transmitting. Prober system
operation requires all users to have precise knowledge of system
time. Initial user clock synchronization is attained by

listening for either a special net entry message or fcr regularly
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transmitted position messages. Reception of this massage assures
the terminal that it has time to within a fraction of a 7.8
millisecond time slot. Fine synchronization can then be achieved
by one of two methods: round trip timing (RTT) or passive
synchronization.

In the round trip timing method, the donor terminal receives
an interrogation and includes the time of arrival of the
interrogate message in the reply message. The interrogation
terminal measures the time of arrival of the reply message and
combines this measurement with the data in the reply message to
determine its timing error. The RTT method is very accurate, but
requires both terminals to break radio silence.

Passive synchronization, as its name implies, is achieved by
a user without breaking radio silence. In its simplest form,
assume a user has an independent means of determining its own
position. The donor transmits a position message. The receiving
terminal measures the time of arrival, computes the propagaion
delay associated with the range between the donor and user, and

finally calculates its timing error.

1.3 Relative Navijation Concepts

In addition to its primary communications capability, the
JTIDS has the inherent capability of previding high accuracy
relative navigation data with respect to other terminals within
the network. This added capability follows from the fact that
all JTIDS terminals perform the very high accuracy

time-of-arrival measurements on the signals received from the




other terminals in the network. A time-of-arrival measurement
may be considered a pseudo-range measurement.
Implementation of a JTIDS relative navigation capability
does not require hardware modification to the JTIDS terminals.
However it does require appropriate cocordinated additions to the
computer software in the JTIDS terminals. It is necessary to
establish a consistent set of navigation definitions, community
; ] navigation architecture, and rules for data interchange to assure
7 successful operation of the relative navigation function.
1 In absolute navigation, as opposed to relative navigation,
we arz ~oncerned with the determination of one's own position and
orientation within an agreed upon fixed coordinate system, such
as the geodetic latitude longitude altitude coordinate system.
In relative navigation we are concerned with one's own positicn
and orientation relative to other members of a network, without
necessarily being concerned with the geodetic location of the
members of the network. In some missions, accurate relative
navigation is sufficient. For example, consider a tactical
scenario in which one aircraft locates a target relative to
itself, then a second aircraft determines its location reiﬁtive
to the first aircraft plus receives the target location data.
The second alircraft now can deliver weapons to the target. All
this can take place without accurate knowledge of the absolute
geodetic location of the target or of either aircraft.
To attempt relative navigation one must define a relative
navigation grid. Fig. 1.1 illustrates two communities having

identical relative positions. Each community has three members.
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Fig. 1.1 Two Communities with Identical Relative Positions
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T+v0o sources providing
2 TOAs plus 1 RTT
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Single moving source
providing 2 TOAs plus
1 RTT
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Three sources providing 3 TOAs

Single moving source providing
3 TOAs

Fig. 1.2 Alternate Methods of Obtaining Three Independent
Measurements




The distances hetween members in each community is the same, So
the time of arrival measurements in each COmmunityrcould be the
same (provided the clock errors were the same). The time of
arrival measurements alone can not establish seven absolute
navigation variables: the geodetic position of the origin of the
relative grid (latitude, longitude, altitude), the geodetic
orientation of the relative grid (three Euler angles), and the
absolute time of the community.

In JTIDS relative navigation it is assumed that each member
has an independent means of determining geodetic altitude and
geodetic horizontal. The time of arrival measurements then are
needed only to fix the herizontal position, the azimuth
orientation, and the time. The relative navigation problem is
reduced to a two dimensional navigation problem. It is
cenvenient to set arbitrarily three of the unobservable seven
variables relating the relative and absolute grids: the altitude
of the origin of the relative grid is set at sea level and two
axes of the relative grid are set tangent to the earth heorizontal
at the grid origin. This leaves unspecified the longitude and
latitude of the origin cf the relative grid, the azimuth
orientation of the relative grid, and the grid time offset.

There are many ways of establishing the remaining four
unobservable variables. The most convenient method of
esteblishing the time offset is to choose one member to be the
net time :.eference. All members attempt to synchronize their

JTIDS clocks with that of the net time reference. The absolute

error of the clock of the net time reference is the unobservable




grid time offset. One method of establishing the horizontal
position and azimuth of the relative grid is to use two fixed
position references. One of the position references can
establish the origin. The second establishes a baseline defining
the orientation of the grid. A second method uses one fixzed
position reference and one aircraft with inertial navigation
system (INS). A third method uses two aircraft with inertial
systems. A fourth method uses a single rapidly moving aircraft
with inertial system. This last method is the method currently
implemented in the JTIDS software. This single grid setter is
called the navigation controller.

In the current JTIDS navigation concept a user can obtain a
fix of its own position using its own time of arrival
measurements together with the reported positions of the sources.
The user may also choose to use active round trip timing
measurements. Assuming the reported positions of the scurces
have negligible error, three linearly independent measurements
are necessary and sufficient for the user to cobtain a fix of its
own horizontal position (2 variables) plus its clock offset.
Fig. 1.2 illustrates some of the methods of obtaining thr;e
independent measurements. Two sources can provide two
indepencdent TOA (time of arrival) measurements and one of them
can provide a RTT (round trip timing) measurement. Or three
sources can provide three TOA measurements permitting a passive
fix. A single moving source can precvide the necessary

measurements Sequentially. Two sequential TOA measurements plus

one RTT measurement provides a fix. Or Three sequential




measurements provide a passive fix.

If the reported positions of the Sources were geodetic
positiors, the resulting fix is the geodetic position of the
user. If the reported positions of the sources were positions in
the relative navigation grid, the resulting fix gives the
relative position of the user. The current JTIDS navigation
concept permits dual grid operation, that is permits navigation
fixing both in absolute geodetic coordinates and in relative grid
coordinates.

Note the similarity of the three-source passive method of
obtaining a horizontal navigation fix and the method utilized in
GPS navigation to obtain a 3-D fix. In GPS navigation, time of
arrival measurements from four of the available satellites
combined with the reported geodetic positions of the satellites
are sufficient to fix the three components of geodetic position
and the clock error of the user.

However a fundamental difference between JTIDS navigation
and GPS navigation is that in GPS navigation the reported
positions of the satellites are highly accurate but in JTIDS the
reported positions of the sources may be inaccurate. In fact the
sources themselves may be trying to fix their own positions from
time of arrival measurements from other members of the community.
If closed loop information paths exist, the JTIDS navigation
solution may be unstable. We will discuss the stability problem
furthur in Chaptar 3.

All active units transmit, perhaps every 12 sec, a position

and status message (P message). Possible content of the P
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message includes: source terminal's horizontal position, speed,
heading, altitude, as well as its position quality, time quality,
and relative azimuth quality. Using these data and appropriate
source selection logic, perhaps based on the source's and the
user's own guality levels, the user terminal selects the desired
sources, calculates the predicted pseudorange, and compares it to
the measured pseudorange. By means of an appronriate recursive
(Kalman) filter, these pseudorange differences are used to update
the estimates of position, velocity, time bias, and time bias
rate.

In most aircraft applications, dead reckoning data is
available from an inertial system, a doppler system, or an
air-data and heading reference system. The inertial or other
data is used to extrapelate the aircraft navigation state between
filtert measurement incorporation time points. 1In such aircraft,
an error state filter formulation would be iunplemented estimating
the errors in the indicated position and velocity of the dead
reckoning system. Additional states estimated would include the
inertial alignment errors and/or other dead reckoning sources of

error.

1.4 JTIDS/GPS/INS Integration

The Global Positioning System (GPS) is a satellite
navigation system capable of providing continuous worldwide
navigation of unprecedented accuracy. When fully deployed,

eighteen or more satellites in 12 hour orbits will provide the

continuous coverage. The ground control segment tracks the




satellites, determines their orbital ephemeris, and uploads the
ephemeris to each satellite. The satellites rebroadcast the
ephemeris data to the users of the system. Atomic clocks in the
satellites maintain accurate time synchronization. The receivers
of the users measure the times of arrival of the psuedo random
ceded signals. The crystal clock in a receiver has significant
drift, so the time of arrival (or pseudo range) measurement has
significant clock error. Four psuedo range measurements from
four different satellites are sufficient to fix the navigation
unknowns, the three components of position and the receiver clock
error.

To integrate JTIDS, GPS, and INS data, a Kalman filter can
be used to optimally combine the data. The use of both GPS
navigation and JTIDS Relnav can provide significant performance
penefits. We discuss these benefits in Chapter 5. Simulation

results in Chapter 8 provide a quantitative Jemonstration of some

of the benefits.




CHAPTER 2

REvVIEW OF PRIOR RESEARCH AND DEVELOPMENT

2.1 PLRACTA and ITNS MNavigation Literature

Bivin of the Naval Air Development Center in Ref. 2 provides
a survey of prior programs that have contributed to the
technology base for JTIDS and its relative navigation capability.
A collision avoidance system was developed by McDonnel Douglas in
1965 for flight testing of high performance aircraft. This
system was similar to JTIDS in that it used spread spectrum
bi-phase modulation and used signal time of arrival to infer
range. Interrogate-respond synchronization was used, all units
transmitted in turn, and units received when not transmitting.
Danger situations were determined based on range and range rate
with altitude separation calculated from position reports.

Both the Air Force and the Navy sponsored programs to
advance the techneclogy. The Air Force Electroniz Systems
Division and the Mitre Corporation began the PLRACTA (Position
Location, Reporting, and Control of Tactical Aircraft) project.
The Naval Air Development Center and the Singer Kearfott Division
began the ITNS (Integrated Tactical Navigation System) project.

Objectives of the PLRACTA project were to verify the
feasibility of attaining and maintaining synchronization of
remote airbherne clocks based on inexpensive crystal oscillators

by means of passive ranging, to use these clocks to support a
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time division mulrtiple access data net, and o dJdemonstrate the
position location capability inherent in this process. A system
of ground statioas and two airborne units was built, Flight
tests conducted in 1971-72 successfully demonstrated the basic
concepts. One performance problem predicted in simulations and
observed in the flight tests was the inherent instability =f
multi-user systems with completely passive synchronization.
Further simulation work led to recommending a covariance based
hierarchical community organization including limited round-trip
timing for c¢lock synchronization, as reported in Ref. 3. In
PLRACTA the presence of surveyed ground sites was assumed,
providing a geodetically referenced baseline for positicning.

In the ITNS project the Navy was pursuing a relative
navigation approach designzd for operation at sea with no fixed
references or surveyed positions. The system developed by Singer
had an active mode for round trip synchronization and a passive
(receive only) mode. A community structure was established in
which a master unit established a tactical navigation grid, all
units would report their inertial position in grid coordinates,
range would be measured and compared with expected range based on
position -eports. and inertial corrections applied. Flight tests
were conducted with two airborne units and up to three ground
units. Stable relative navigation was demonstrated. It was
discovered that large initial errors could cause linearity and
ambigquity problems at net entry. Techniques were developed to
overcome this problem. It was also discovered that use of a

single fixed ground station could cause a rotational instability.




The completely passive community used in PLRACTA was not
attempted in ITNS.

Stow of Singer describes the system and relative navigation
concept in Ref. 4. He provides simulation results for the case
of two fixed grnund units and one airborne unit, which is in the
active mode. Danik of Singer in Ref., 5 also describes the system
and the single aircraft simulation results. He also provides a
gqualitative discussion of a few other simple cases: one aircraft
and one ground station, two aircraft (master and user), and
helicopter and ship. No multiple aircraft simulations are
presented.

Studies at Singer (Ref. 6), ITT (Ref. 7), Litton (Ref. 8),
and Dynamics Research Corporation (Refs. 9,10) were conducted to
investigate alternate approaches to relative navigation. The
paper by Rome and Stambaugh (Ref, 19) summarizes the DRC study
results. Many different community relative navigation
organization concepts are considered. Some organizations have a
designated master that relies on its own dead reckoning system
and does not utilize measurements from other members. Other
organizations have no master and the members attempt to aé;ive at
a consistent definition of the relative grid in some democratic
manner. Within both the with-master and master-free
organizations further distinctions are identified, including the
many-on-one, the baseline, the weak hierarchy, and ¢ie strong
hierarchy organizations. A covariance analysis simulation is
used tec evaluated some of the alternate organizations. Sc¢enarios

include a rapid maneuver community having four aircraft and a
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community having two aircratt and twe ships. The simulations of
four organizations with masters are compared. The many-on-one
organization consistently is less accurate than the others.
Better accuracy is obtained when members use more tnan just the
master as ranging sources. The end of baseline organization
gives good accuracy. The covariance defined strong hierarchy and
the weax hierarchy sometimes give good accuracy but sometimes are
unstable. 1In these mechanizations each element uses reported
position covariances to weight its range residuals in an attempt
to model the effect of the position errors of the other members.
This modeling of the correlated bosition errors as uncorrelated
measurement noise gives unreliable results. After several
observation cycles, the Kuiman derived position covariance of ail
the members Jdrop to a value where their range residuals are
weighted equally with the master's. At this point there is no
strong definition of the grid in tae community and instabilities
may result, Simulations of the master £ree organizations
indicated that these are generally not as accurate as those witn
a master.

The studies showed that alternatives to inertial dead
reckoning were practical. A potential for instability was
discovered in communities with mixed dead-reckoning systems
unless grid drift error states were modeled. The Rome and
Stambaugh paper simulation results indicate that an all-Doppler
community may have more accurate reiative navigation than a mixed
community having a Doppler master and some members with inertial

systems.
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The interest in a Doppler version of relative navigation Zor
helicopter use led to additional flight tests involving the Army
Electronics Command (Refs. 2,11). The tests in 1975 demonstrated
that stable relative navigation is feasible using Doppler and, as
predicted, the accuracy is somewhat less than with inertial dead
reckoning. Mixed community operation was tried and measurement
weighting using reported position covariances was attempted. The
latter did not work. However there were software problems that
permitted negative covariance diagonal elements, so the results

should be considered inconclusive.

2.2 JTIDS Relative Navigation Literature

The efforts of the military services were nerged in the
JTIDS program. Two classes of terminals were defined, a Class 1
terminal for use on command and control platforms such as AWACS,
and a Class 2 terminal for use on small tactical platforms. The
Class 1 terminal is being developed by Hughes. The Class 2
terminal is being developed by Singer-Kearfott. The JTIDS Relnav
Working Group was established to try to define a set of rules for
data interchange and organization which would assure succ;ssful
operation.

The 1976 paper by Fried (Ref. 12) is a good introduction to
the JTIDS Reinav concepts and terminology. The paper has been
also published in an archive journal (Ref. 13) with the addition
of some references and slightly more Kalman filter information.

A wossible architacture for the relative navigation community is

prasented. The relationship of the members of the community is

15

e S b e et e . g
D A 41 A AL G o M Q5 K B 424 P oA I AN S P A 26 e




e TS H

iilustrated in Fig. 2.1. One memper of the network, designated
the time reference, establishes system time and 13 assigned the
highest time quality. For velative grid operation, one menber,
desiqnated the navigation controller, establisnes the origin and
orientation of the relative grid. The origin is at sez level ana
is assumed stationary. Actually the grid origin and orientation
may be slowly moving as a result cf the dead reckoning errcrs of
the navigation controller. ALl net nembers attempt to determine
their position with respect to these grid coordinates. The
navigation controller is assigned the hijhest relative position
quality. There may alsc be terminals poscessing high accuracy
apsolute position information. These are designated position
references and are assigned the highest absolute position
quality. Below the position references and the navigation
controller there could pe two classes of users: primarv anag
secondary users. The primary users are permitted to use round
trip timing for clock zynchronization at relatively frecuent
intervals, perhaps whenever their time guality (&as estimated by
the terminal's filter) £alls below a certain level. Thesc
(relatively few) units, having excellent time gquality, are.used
4S primary navigation references. Secondary user:s do not perform
round trip timing frequently arqa, in fact, must pe capable of
performing clock synchronization and re.ative navigation
completely passively. Withirn the two classes of users, guality
levels are established on the basis of accuracy estiimated Dby each
terminal's [:lter. Souice selection logic periabs can e

developed based o¢n these self-estimates of accuracy. For
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example, one secondary user might use another secondary user as a
source only if the latter has a higher position and time quality.

Fried (12,13) also presents some simulation results. The
members of the community do not have a dead reckoning capability.
All scenarios include four ground stations (position references),
one of which is also the time reference. Two scenario types are
investigated, a wide baseline geometry and a narrow baseline
geometry. Airborne member measurement selection logic in some
cases selects avery P-message from &ll other airborne members an
in other caces se.ects only to P-messages from the ground
stations, Up to 11 members are included. The simulation results
show that for certain foor geometry conditions, divergence occurs
when airborne members are permitted to use every position message
from all other units at all times. Fried concludes that it will
be necessary to have some form of strong hierarchical source
selection based on own and source's time and position gquality.
Recall however that Rome and Stambaugh (18) found that such a
strong hierarchical organization was not sufficient to guarantee
stability.

Steele and Schlenger of Singer in Ref. 14 discuss JITIDS
relative navigation and its implementation in the Singer
terminal. The paper discusses dual grid operation (relative and
geographic) and the Kalman filter requirements to maintain
independence of the grids. No simulation results are presented.

Greenberg and Rome in Ref. 15 summarize the more recent work

at Dynamics Research Corp. The paper gives increased emphasis to

the problem of stability. A covariance analysis simulation is
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used to evaluate alternate organizations. All organizations
considered have a master member and all cther members actively
synchronize their clocks to the master. All members are aircraft
and have inertial navigators. The organizations considered
include a weak hierarchy, a position defined hierarchy, a heaaing
defined hierarchy, and an end of baseline hierarchy. 1In the weak
hierarchy, all members except the master use all received
measurements. In the position defined hierarchy, a member uses a
measurement only if the reported relative position quality is
better than own computed relative position quality. 1In the
heading defined hierarchy, a member uses a measurement only if
cthe reportad relative heading quality is better than own computed
relative heading quality. In the end of baseline hierarchy, the
end of baseline member uses measurements only from the master,
and all other members use measurements only from the master and
the end of baseline. Other criteria for establishing hierarchy
are discussed but are not evaluated by simulation. The paper
also discusses alternate choices for assumed measurement error
variance in terms of the reported relative position quality.

This influences the Kalman gains that are used to weigh the
measurements. No mechanizations are discussed in which
additional filter states rather than increased measurement noise
are used to model the position and time errors of the source.

The simulations are of a community of four aircraft. The
simulation results indicate that the weak hierarchy has the best
relative range accuracy at 3¢ min. of relative navigation,

however at one hour the errors have increased. The authors
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conclude the weak hierarchy is marginally unstable. Furthermore
if the reported position quality is not used to increase the
assumed measurement variance, the relative navigation is
completely unstable. The three strong hierarchies (position
defined, heading defined, and end of baseline) all demonstrated
stable behavior. The positiaon defined hierarchy had better
relative range accuracy and the heading defined hierarchy had the
better pointing accuracy. The end of baseline organization had
the worst relative range accuracy both at 38 min and at one hour.
The position and heading defined organizations could be made
unstable by reducing the assumed measurement error variance.

Companion papers presented at the 1979 laticnal Aeraspace
Electronics Conference summarize progress at Hughes in
implementing inertially aided JTIDS relative navigation. The
paper by Fried (16) reviews JTIDS relative navigation
architecture, error characteristics, and operational benefits.
The paper by Fried of Hughes and Loeliger of Intermetrics (17)
presents the Hughes terminal system configuration and the
algorithm design for the inertial navigation processing, the
source selection logic, the Kalman filter, and the process timing
and sequencing. A combination of the two papers also has been
published in an archive journal, Ref. 18. A Litton LN-31 has
been interfaced with the Hughes JTIDS terminal. The relative
navigation function is added to the JTIDS terminal computer.
Velocity data from the INS is used to infer acceleration, which
is integrated in a full inertial computational algorithm. The

paper does not make it clear why it was necessary to duplicate
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the inertial navigation equations in the terminal computer.

The Kalman filter has 18 states. They have chosen to
estimate the error in geodetic position and the error in relative
grid origin geodetic position and the error in the relative grid
azimuth. The error in relative position need not be explicitly
estimated because it is linearly dependent on states which are
estimated. This choice of states is said to minimize coordinate
computations. However it will lead to a nearly singular
covariance matrix when in relative navigation the geodetic
position errors and the grid origin errors become highly
correlated.

There is no assurance that the incoming pseudo range
measurements will be conveniently spaced in time so that the
filter can keep up with the measurements. ©On the contrary the
time slots of the measurements are quite arbitrary and so groups
of measurements can be bunched in time. Therefore buffering is
required to save measurements and the simultaneous navigation
states until the filter is ready to process a new set. The
source selection logic sc¢reens the incoming position messages and
selects the best set of data to store in the buffer. Up to eight
measurements can be stored in the buffer. T[ive different
criteria are used to select up to seven measurements. The
criteria are comparisons of incoming reported accuracy with own
computed accuracy for geodetic level position, grid level
position, altitude, time, and grid azimuth. The geodetic and
grid position criteria each can select a pair of measurements.

The other three criteria each can select one measurement. There

21




are four update types that can be constructed from the incoming P
messages: grid pseudorange, geodetic pseudorange, offset along
line of sight, and offset across line of sight. A round trip

timing event is the eighth possible measurement in the buffer. A

source selection cycle can be short or can include a full eight
selected measurements, depending in part on the CPU avallability.
If message traffic allows, the filter, which has a lowar

priority, will complete a cycle very rapidly. The lower priority

)

for Relnav and its filter was chosen so as to minimize the impact

on the communication function of the JTIDS terminal.
Once per source selection cycle the inertial variables are

reset according to the filter estimated errors. It appears that

vt s ol D Sl e i -

anly the redundant variables are reset, not the LN-31 variables. @
Not discussed is the effect of allowing the LN-31 variables and |
the . 2dundant variables to have different values. A possible

accelrration error is introduced due to the unmodeled differ=nce

betwe=.. the variables.

2.3 JTIDS/GPS/INS Integration Literature

The NAVSTAR Global Positioning System (GPS) and the Joint ;
Tactical Information Distribution System (JTIDS) are both likely
to be used by many military platforms. 1In addition most military
aircraft carry inertial navigation systems (INS). Of concern is
the effective integration of these and other avionic systems. A
General Officers' Steering Committee for Communicatiocns,
Navigation, and Position Integration (CNPI) was established by

the Air Force in May 1977. An objective of this committee was to

P RN
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establish a feasible integration plan that reduced the overall
equipment requirements for space, power, cooling, and weight.
The C.S. Draper Laboratory and the ARINC Research Corporation as
associate contractors performed a technical and life cycle cost
analysis concerning GPS/JTIDS/INS integration. The results are
summarized in Refs. 19,28,21. A conclusion was that it will be
possible to install GPS and JTIDS user edquipment sets on tactical
fighter aircraft without integrating the hardware. To achieve
this it will be necessary for the sets to be more compact than
the early GPS and JTIDS development models, but this is
cansidered to be within the state of the art of component
technology, large scale integration, and packaging design.

The study also considered various levels of hardware
integration. One ground rule was that the existing inertial
navigators in the aircraft be used. Another ground rule was that
any proposed integrated system had to be capable of being on
board tactical aircraft and operational in the 1984 time frame.
This meant that only current and near future technologies could
be included. 1In the most integrated design, the GPS and JTIDS
share a common oscillator, frequency synthesizer, power supply,
computer, and RF and IF channels. A surprising c¢onclusion was
that this most integrated design only achieves a 8 or 9%
reducticen in required volume comparad with the minimally
inteqrated systems. The reduction in volume due to the sharing
of common hardware was not enough to allow for a quantum jump to
the next standard size line replaceable unit. The recommended

design for the 1984 time frame has independent GPS and JTIDS

23




hardware except for a single aircraft interface data unit and a
common power supply. Data links are provided to interconnect the
GPS, JTIDS, and INS sets.

Although little benefit was found from hardware integration,
the study discussed the many benefits obtainable from data
integration. These benefits will be discussed in the chapter on
JTIDS/GPS/INS integration. Part of the Draper Laboratory study
included the design of a Kalman filter for integrating GPS,
JTIDS, and INS data, as summarized in the Kriegsman and
Stonestreet paper (21). A covariance analysis simulation was
used to compare the accuracy of the integrated JTIDS/GPS/INS
system with that of a GPS/INS system and a JTIDS/INS system. No
surprises were reported. The integrated system, as one would
expect, was more accurate than either of the other systems. Only
qualitative results are presented in the unclassified paper (21).
The quantitative simulation results are in the classified Volume
3 of Ref. (19).

The MFBARS program at the Air Force Avionics Laboratory has
been exploring the design of a Modular multiFunction multiBand
Airborne Radio System (MFBARS). This program is driven b; the
same concerns that led to the Draper Lab CNPI study. However the
MFBARS studies have not been constrained to lock at only near
term technology. Also the studies are considering more than
JTIDS and GPS for pcssible integration. ITT and TRW have been
the contractors on the Program. During Phase 1 a set of
candidate architectures were developed and compared. During

Phase 11 one of the architectures was selected 2s a preferred
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approach and became the focus of a more detaiied analysis and

design effort. 1In its Phase Il report, Ref. 22, ITT sSummarizes
its results. The 14 operationally required radio functions
(JTIDS, GPS, Seek Talk, UHF communication, VORTAC navigation,
ILS, Identification, etc.) can be accomplished by four radio
sets, provided each is considerably more flexible than its single
function predecessors. Two emerging technoleogies are used
extensively in the recommended design: charge coupled devices and
?g surface acoustic wave devices. These devices function as an
analog memory for an incoming signal. This allows a time segment
of signal to be stored and processed different ways at different
times. Transversal filters are implemented to do the desired

signal processing. An agile programmable transversal filter for

RF signal processing is at the heart of the recommended design.
It can change tuning faster than the reciprocal of the output
bandwidth, which had not been possible with conventional filters.
With this feature, high speed time sharing of the signal is
possikle with no loss in signal to noise ratio. The study found
significant direct benefits to the highly integrated most
advanced technology design in terms of weight savings, volhme
savings, production cost savings, and life cycle cost savings.

The MFBARS studies have concentrated on hardware

considerations. The various computer algorithms needed to

e g ey

accomplish the digital signal processing and the data processing

have been considered only to obtain an estimate of the computer

AL A

thruput requirements and memory requirements. 1In particular no

effort has been devoted to integrated software design including a
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possible universal Kalman filter for navigation data processing.
A paper by Rome, Reilly, and Ward (Ref. 23) further

discusses the benefits of fully integrating JTIDS and GPS data.

Their comments and recommendations will be reviewed in a later

chapter.

2.4 Decentraiized Estimation Literature

The JTIDS Relnav problem can be considered to be an example
of decentralized estimation. A centralized solution to che
Relnav problem could be implemented by radioing all measurements
to a central computer whose Kalman filter would estimate the
navigation state throughout the community. Such a cencralized
solution would require a large amount of data being sent to the
central computer. Also it would require a powerfiul computer to
implement the Kalman filter because the dimension of the state
vector would be very large and the number of measurements to be
processed would be large. The JTIDS approach is a decentralized
solution, Responsibility for estimating tiie community navigation
state is spread throughout the community. In particular, the
navigation state of a particular member is estimated bty tgat
member. Furthermore the measurements uscd by a member are only
the measurements cbtained by its own receiver. In place of
sharing the values of its measurements, a member broadcasts its
own estimated position.

A complete and satisfactory theory of decentralized
estimaticn does not exist. Kerr (Ref. 24) has reviewed some of

the approaches to decentralized estimation. He has found two
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approaches to be applicable to the JTIDS Relnav problem. These
are the Surely Locally Unbiased filter proposed by Sanders et al
(Ref. 25) and the Sequentially Partitioned Algorithm proposed by
Shah (Ref. 26). The application of both methods to the JTIDS
problem would retain the partitioning and allocation of the
community state as in the current JTIDS organization but would
alter the weights associated with the accuracy of the
measurements.

Speyer (Ref. 27) and Willsky et al (Ref. 28) propose
decentralized organizations that reconstruct the centralized
optimal estimate. Speyer's method requires all members to have a
full sized filter modeling all the community navigation states.
They must also have an auxiliary vector of the same size as the
complete state vector. It is data dependent and must be updated
on line. Each member Knows only its own measurements, but it can
reconstruct the optimal centralized estimate by linearly
combining the estimates and the auxiliary vectors of all members.
The members share their estimates and auxiliary vectors.

Willsky's method is an extension of Speyer's method. It
allows every member to have an incomplete state vector (s&éh as
only its own state variables) provided certain condiiions are
satisfied. In particular the state vector must include any state
variable that is needed to compute the expected value of that
menmber's measurements. There is cnly one auxiliary vector, which
has the same size as the complete state vector, is not data
dependent, and must be updated by a central processor that must

be supplied with the covariance matrices from all members. The
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central proceéssor must also know all the local estimates. It
obtains the centralized optimal estimate by linearly combining
the local estimates and the auxiliary vector.

Neither Speyer‘s nor Willsky's method appear to be helpful
in the JTIDS application. The Speyer method requires a large
amount of computation since every member must have a full sized
state vectar and associated covariance matrix plus an egqualliy
large auxiliary vector and matrix. The Willsky method reguires a
central processor With large computational capability. Both
methods require a large»amount of information to be shared by the
local estimators: all local estimates, all local covariance
matrices, and in Speyer's method the auxiliary vectors as well.

In some applications the measurement geometries, the
measurement schedules, and the state transition matrices are all
known in advance. The required covariance matrices can be
computed in advance and stored. But in the JTIDS applicatien the
mission trajectories are not known precisely in advance so the
covariance matrirces must be computed on line as a function of the
geometry, the availabiliity of measurements, and the dynamics,

The contributions of Speyer and Willsky have significance
for the JTIDS application in that they inspire the hope that
methods can be found that decentralize the computation burden and
have acceptable communication requirements while preserving

optimal estimation accuracy.
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CHAPTER 3

STABILITY OF DECENTRALIZED NAVIGATION

3.1 ownstate QOrganization

The JTIDS Relnav concept currently implemented is an example
of decentralized estimation of the community navigation state.
Each member of the community is responsible for estimating its
awn navigation state. The member is to use only the time of
arrival measurements and the round trip timing measurements that
it has obtained with its own receiver. We call this the ownstate
formulation of the decentralized estimation problem.

Within the broad category of ownstate formulations there are
subcategories identified by their measurement selection logic.

We will be discussing the democratic loqic, the fixed rank
hierarchy logic, and the covariance based hierarchy logic. Fig.
3.1 illustrates the difference between the demacratic
organization and the fixed rank hierarchy.

In the demccratic organization each memker uses all of the-
time of arrival measurements obtained by its receiver. Thus
member A is using measurements of pseudorange from member B plus
the reported position of member B8 to help solve for the position
of member A. At the same time member B is using measurements of
pseudorange from member A plus the reported position of member A

to help solve for the position of member B. Simulations have

shown that the democratic organization sometimes is unstable.




DEMOCRATIC FIXED RANK
CRGANIZATION HIERARCHY

Fig. 3.1 Democratic Organization Versus rixed Rank
Hierarchy
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The instability is probably strongly related to the closed loop
info:maticn patterns.

In the fixed rank hierarchy each member is assigned a
certain rank. More than one member can be assigned an equal
rank. Each member uses time of arrival measurements only from
members with higher rank. This organization does not allow any
closed loop information patterns. We shall prove that this
organization is stable.

The covariance based hierarchy avoids the question of how to
assign fixed ranks to the members. Instead the rankings are
computed dynamically during a mission in terms of the navigation
accuracies of the members. The community relies on the filter
computed error variances provided by the ownstate filters. As
long as the navigation errov reported by member A is smaller than
the navigaﬁion error reported by member B, then member B will use
the time cf arrival measurements from member A but member A will
not use the measurements from member B. This dynamic assignment
of ranking assures that information from the most accurate
members can propagate to all members. It is hoped that this
organization is stable. Note rank reversals can occur, s; closed
loop information patterns have not been eliminated, only
retarded.

This chapter presents a simplified mathematical model of the
ownstate method of decentralizing the community navigation
problem. An outline of the proof of the stability of the fixed

rank nierarchy is presented. Simulations with the simplified

model demonstrate the stability issues. A more complete




documentaticn of our stability resul :s may be found in the

doctoral thesis of Gobbini (Ref. 29).

3.2 Mathematical Model of the Ownstate Organization

A linear stochastic model for the navigation errors of one
member of the community can be put into standard state equation

form
i _ i i i i -
X @ b 4 + w. + ug (3-1)

where x 1is the state vector, ¢>is the state transition matrix, w
is the zero mean state driving noise vector ¢f covariance Q, and
u is the reset vector. The subscript n is the time step
variable. The superscript i idenctifies the ith member.
Depending on the fidelity wanted, the number of state variables
in the state vector can be small or large. We will be able to
illustrate the basic stability characteristics of the ownstate
formulations using only a few state variables. The minimum
required are three: the two components of horizontal navigation
error plus the clock error. These are the variables that
directly enter into the measurement relationships.

The Kalman filter in each member extrapolates its own state
vector estimate x and associated error covariance matrix P

according to

AL _ ia i i
Xne- T @n Xa-1 * Y (3-2)
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The subscript n- denotes the estimate before incorporating any
available measurement. It is assumed in this analysis that the
filters have the correct ownstate transition matrices and correct
driving noise statistics.

Let X denote the estimation error vector. Let the sign

conventior be

~ A
X = X - X (3_4)

The difference equation governing the time propagation of the

estimation error is obtained by subtracting Egs. (3-1) and (3-2).

AL
At the nth time point there may be a broadcast event.

Denote the broadcasting member as member j. At this time point

member j is not taking a measurement, so its best estimate of its

own navigation errors is the same before and after the evéﬁt.

The notation n- can be replaced by n in the case of member j.

Member j broadcasts its own best estimate of position and its

computed covariance matrix. 1In JTIDS Relnav the covariance

matrix is not broadcast but instead quality words are broadcast.

For simplicity in this analysis we are assuming the covariance

matrix is broadcast.

All other members of the community listen to the broadcast




of member j. They measure the time of arrival and they receive
the position message. A time of arrival measurement 1is processed
by a member by first subtracting the measurement and the
predicted measurement. The predicted measurement is based on the
member's own best estimate of position and the source's own best
estimate of position, which was provided in the position message.
It can be shown that this difference or innovation is linearly
related to the estimation errors of the user i and the source j

according to

SFi =hi' (';(’1 i (3-6)

s
- xj) + v
n- n

where v is the zero mean measurement noise of variance r in the
receiver of member i and h is the measurement geometry vector.
For the simplest formulation with the three element state

vectors, the h vector is

hi' = [¢., C

o X -1] (3=7)

where cx and cy are the direction cosines of the horizontal line
of sight from the source to the user. Note how the errors of the
source and the user enter into the measurement difference by
means of the same geometry vector but with opposite signs.

A round trip timing measurement has a measurement difference
that is also linearly related to the estimation error of the user

i and the source j according to Eg. (3-6). However the

measurement geometry vector has a non zero entry only for the




time error element of the state. For the simplest formulation
with the three element state vectors, the RTT h vector is

it

h = [0, o, 1] (3-8)

RTT
The variance r of the additive random error in a RTT measurement
is half that of a passive time of arrival measurement.

The Kalman filter of the ith member uses a TOA or RTT

measurement difference, the measurement geometry, and the source
covariance to update its state vector estimate and associated

covariance matrix according to

st = ni' Pl nl (3-9)
ki = Pni hi/(hi' Pnl nl + 1 4+ i (3-19)
’:‘:; = ’:}nf + x* 6¢oi (3-11)
el =pt-xtntpl (3-12)

These are the familiar RKalman measurement incorpaoration equations
except for the addition of Eq. (3-9) and its use in Eg. (3-18).
The variable s is the variance of the contribution of soutce
error to the measurement residual. The denominator in Eg. (3=18)
would be the correct expression for the measurement innovation

variance if there were no correlation between the errors of the

source and the user and if the covariance matrics computed by the
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source and user were correct.
The change in estimation error at a measurement

incorporation is obtained combirning Egs. (3-4), (3-6), and (3-11)

= - aly ¢ i iad _ i i (3-13)
X (I A7) X + A %o k*v
. ]
At = k't (3-14)

The community navigation error equations (3-5) and (3-13) (with i
running from 1 to M, the number vf community members) are a set
of coupled linear difference equations with time varying
coefficients. The solution to the set of equations is a function
of the initial error vectors i;, the state noise sequences w:,

and the measurement noise segquences v;.

3.3 Proof of Stability of Fixed Rark Hierarchyv

It is highly desirable that the community navigation
solution be exponentially stable. By definition the community
navigation solution is exponentially stable if every perturbation
of the initial estimation errors produces a solution that
approaches within an exponential bound the unperturbed (or
reference) solution. The definition assumes the same noise
sequences w and v are driving hoth the reference solution and the
perturbed solution. Fig. 3.2 illustrates the convergence of a
perturbed solution to the reference solution and Fig. 3.3

illustrates the convergence occurs exponentially fast.

In centralized optimal estimation theory, sufficient
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Fig. 3.2 Convergence of a Perturbed Solution to a Reference
Solution

Fig. 3.3 Convergence Within an Exponential Bound
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conditions guaranteeing the stability of a Kalman filter have
been found. The Deyst-Price theorem (Ref. 30) states that a
Kalman filter is exponentially stable if there is present
observability and controllability by the assumed drivi.g noises.
Observability is a property of the measurement geometries and the
state transition matrix. <Controllability by the assumed driving
noises in the model used for filter synthesis assures that the
Kalman gains do not go to zero.

Suppose now that the ownstate filters of the navigation
community by themselves satisfy the sufficient conditions of the
Deyst-Price theorem and therefore are stable if there were no
error interaction. Wa:iat is the response of such a selil stable
filter when there is an unmodeled error in the measurement due to
the source error? A key theorem proven by Gobbini (Ref. 29) is
that if there are exponentially bounded unmodeled perturbatioens
in the mecasurements used by an exponentially stable Kalman
filter, there will be exponentially bounded perturbations in the
filter estimates. This theorem is like the theorem in linear
system theory that a bounded input into a stable system produces
a bcunded output. Cobbini has extended the familiar theoggm to
treat exponential bounding and time varying systems with multiple
inputs, of which a Kalman £filter is an exanmple.

With Gobbini's theorem, one can now deduce the stability of
2 fixed rank hierarchy. Suppose we have a single navigation
controller who is also the net time reference. Assign rank 1 to
this and only this member. This rank 1 member accepts

measurements from no other member. Its indicated position and
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time are perfect by definition. There is no stability issue with
respect to these variables,

One or more members may be assigned rank 2. These rank 2
members accept measurements only from the rank 1 member. Since
there are no unmodeled errors in the measurements, the ownstate
filters are optimal. If the controllability and observability
conditions are met, the rank 2 solutions are exponentially stable
by the Deyst-Price theorem.

One or more members may be assigned rank 3. These rank 3
members accept measurements only from the rank 1 and rank 2
members. There are no unmodeled errors in the measurements from
the rank 1 member; but there are unmodeled errors in the
measurements from the rank 2 gzembers. Considering the effect of
pwerturbations to the initial estimation errors of the community,
the perturbations in the unmodeled errors will be exponentially
bounded. By the Gobbini theorem, if the controllability and
observability conditions are met, the perturbations to the rank 3
estimation error vectors will be exponentially bounded.

The proof continues by induction. At every rank level if
the controliability and observability conditions are met, the
estimates are exponentially stable. Fig. 3.4 illustrates the
stability of the several ranks.

The same inductive reasoning can be applied to prove the
stability of other fixed rank hierarchy organizations. Suppose
for example the navigation grid is established by a two-member
method. The primary navigation controller and net time reference

is assigned rank 1. The secondary navigation controller, who
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establishes the end of the grid baseline, is assigned rank 2.
This rank 2 member uses measurements crom the rank 1 member to
estimate its distance and %*ime with respect to the rank 1 member.
Again there are no unmcdeled errors in the measurements used by
the rank 2 member, so given controllability and observability the
rank 2 member solution is stable. The stability of rank 3, rank
4, etc. members is proven as in the single navigation controller
organization.

Note the integral part that the controllability and
observability conditions play in the proof. The filter designer
can assure that the controllability condition is met by injecting
driving noise at appropriate points in the mathematical model
used for filter synthesis. Observabhility is partially under the
control of the filter designer through the measurement selection
logic. However there may not be available sufficiently diverse
measurements to provide observability. This is beyond the
control of the filter designer and is determined by each actual
mission scenario. Some of the situations that provide positional
and time observability were discussed in Chapter 1 and

illustrated in Fig. 1.2,

3.4 Time Domain Covariance and Stability Analyses

One method of evaluating the performance of a proposed
community organization is to compute the time variation of the
covariances of the actual gstimation error vectors. This section
presents the actval error covariance equations for the ownstate

organization whose mathematical model was presented in Section
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3J.2. The stability of the organization can also be examined in
the time domain. Equatiuns fecr exhibiting the stability are also
presented in this section.

The linear equations governing the estimation error vectors
were given earlier. Eg. (3-5) governs the time propagation and
Eg. (3-13) governs the change at a measurement incorporation.

The state driving noises and the measurement noises have zerc
means. If the initial estimation errors have zazro means, then
the estimation errors have zero mean for all time. Calculation
of the error covariance matrices is then the same as the
calculation of the mean squared error matrices. The
cross-covariance of the estimation error of member i and member x

is
_ wl o -
U = E [x¥" % 1 {3-15)
We include the possibility that i is the same as k. Using Eqg.
(3-5) in Eg. (3-15) one obtains the equation governing the time

propagation of the cross-covariances

)

ik iy ik k' . Qi 5

n- a Yn-1 a ¥ 9 %k (3-16)

It has been assumed that the state driving noise vectors are
independent of the prior estimation error vectors and are
independent of each other.

At time n there may be a broadcast event. Assume member j

is the brecadcast source. Using Eq. (3-13} in Eq. (3-15) one
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obtains the ecuation governing the changes ia the
cross-covariances as a result of the measurement incorpearations

x ik

Ak k% e Ky _al ij ,k°
Ln-(J.A)Un_(.LA)*(IA\Un_A

_ (3-17

L

+ A1U35(1~Akn' + atv)d a ix
If either i or k does not incorporate a measurement because it
refuses the measurement or because it happens to be the
broadcaster j, then Eg. (3-17) is still correct provided the
appropriate Kalman gains k and matrices A are set to zero.

These equations governing the actual error ccvariance have
been included in the simulations of the ownstate communities
discussed in the next ‘section.

In general the actual error covariances of tne members do
not go to zero because of the presence of state driving noises
and meésurement noises. This makes it difficult to make
statements. about stability based on observations of the error
covariance. It is desireable to have some time domain method of
assessing stability that ls more closely related to the
definition of stability, namely the convergence to zero of all
perturbations.

The equations governing perturbations to the community
estimation error vectors can be obtained by subtracting the
equations governing a reference solution from the equations

governing a perturbed solution. The perturbations are found to

be governed by

8%t = L %!, ' (3-18)
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6% = (x - ahy 6% L + At 6% (3-19)

Note since the same noise sequences were driving the reference
and perturbed solutions and since the system is lineat, the
driving noises and measurement noises do not force the
perturbacion equations.

The definition of exponential stability requires that every
perturbation converge to zero within an exponential bound. It is
not practical to simulate the response to every possible initial
perturbation. Fortunately this is not necessary in the case of a
linear system. Let L be the dimension of the complete communicty
navigation error vecter. Choose a set of L linearly independent
vectors to span the L-dimensional vector space. Every initial
perturbation vector can be expressed as a linear combination of
these basis vectors. Because the system is linear, the time
variation of the perturbation can be expressed as the same linear
combination of the system responses to the individual basis
vectorcs. Therefore it is sufficient to examine .ne convergence
of the L basis vector responses. If ail L el nts of ali L
response vectors go to zerc exponentially, then ‘e system is
exponentially stable.

The simulation to be discussed in the next section can be
used for such a stability analysis. The responses to the L
independent basis vectors arg summarized by providing the sum of

the squares of all L elements of all L response vectors. If this

sum converges to zero, the system is stable.




3.5 Simulations of Ownstate Communities

To demonstrate the stability issues associated with the
ownstate organizations we have utilized a simple simulation that
incorporates the mathematical model of the ownstate organization
presented in Sect. 3.2. The simulation also incorporates the
covariance analysis equations of the previous section. This
makes it possible to compare a single case error trace, the
filter computed error standard deviation, and the actual error
standard deviation. This section describes the simulation and
presents simulation results.

The navigation problem is a two dimensional flat earth
navigation problem. There are four members in the community
located as shown in Fig. 3.5. They are initially located at the
corners of a 28 km square. Members 1,3,and4 are not moving.
Member 2 moves rapidly on the closed course shown, with a period
of 380 sec.

The relative navigation grid is established by choosing
member 1 to be the navigation controller and time master and by
choosing member 2 to be an end of baseline subcontroller. In
particular member 1 has by definition perfect knowledge of its
own x,Y position and the time t. Member 2 has by definition
perfect knowledge of its own y position.

There are eight navigation error variables in the community:
the member 2 x and t errors, the member 3 x, y, and t errors, and
the member 4 x,y, and t errors. The truth models for these

errors are simple random walks with variance parameters of (12 m)
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/sec. Initial values of these errors were set to plus or minus

[y

km or 2 km. Note we present clock errors in range equivalent
units. These random walk models are the most simple possible
models for the growth of the inertial navigatiocn errors and the
clock errors. We have assumed that the inertial system errors
and the clock errors are of comparable significance.

The time of arrival measurements have an additive random
error of 190 m standard deviation. The broadcast time slots are
as shown in Fig. 3.6. One full cycle of broadcasts has a period
of 12 sec. No round trip timing measurements are included.

The ownstate Kalman filters are matched to the truth model.
The filters of members 2, 3, and 4 have 2, 3, and 3 state
variables respectively. They have the correct statistics for the
driving noises and the measurement noise. The initial covariance
matrices of the filters are diagonal with all diagonal elements
set at (1 km)z.

Exploring nonlinear difficulties was not an objective of the
stability simulations. Accordingly the Kalman filters were
allowed to use the actual measurement geometry vectors in place
of the estimated geometry vectors. ]

The simulation results for the democratic organization are
shown in Figs. 3.7, 3.8, and 3.9. 1In these plots the trace
labeled e is the single case error trace. The & plot is the

[

filter computed one sigma value of the error. The J; plot is the

actuzl errcr one sigma value. The performance is clearly

unacceptable. The actual one sigma value of m. 1y of the errors

after 580 sec of navigation is as large as the initial 1 km one




sigma error. The filter computed uncertainties are completely
unaware of these large oscillatory actual errors.

The time domain stability test was applied to the democratic
organization. The eight initial basis vectors were the
orthogonal unit vectors. The sum of the squares of all elements
of all responses is plotted in Fig. 3.16. The sum is not
converging to zero so the system is unstable.

A fixed rank hierarchy has been simulated. Member 1 has
been assigned rank 1, member 2 has been assigned rank 2, and
members 3 and 4 have both been assigned rank 3. At each rank the
members have the necessary observability. Member 2 using
measurements only from member 1 has observability because of the
relative motion. Members 3 and 4 have observability provided by
member 1 static measurements and member 2 measurements that have
relative motion. Simulation results for the fixed rank hierarchy
are shown in Figs. 3.11, 3.12, and 3.13. Here the performance is
good. The rank 2 member (member 2) has filter computed
uncertainty in perfect agreement with the actual error
uncertainty. After an initial transient, the rank 3 members
(members 3 and 4) have good agreement between the filter c;mputed
uncertainties and the actual uncertainties.

The time domain stability result for the fixed rank
hierarchy is shown in Fig. 3.14. The sum is converging to zero,
showing that the fixed rank hierarchy is stable. The rankings in
this stability test are not quite the same as in the previous
run. Here member 4 is assigned rank 4.

A covariance based hierarchy has been simulated in which the
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ranking is computed dynamically as a function of the filter
computed covariance matrices., If the trace (the sum of the
diagonal elements) of a member's own covariance matrix is larger
than the trace of the source's covariance matrix, then the member
uses the time of arrival measurement from the source. This is
not precisely the logic used in JTIDS Relnav, but it captures the
essence of the JTIDS logic. Simulation results for this
covariance based hierarchy are shown in Figs. 3.15, 3.16, and
3.17. The performance is acceptable but not quite as good as the
fixed rank hierarchy performance. Initial transient errors are
quite large. Eventually the errors die down but the filter
computed uncertainties are optimistically small.

The stability test result for the covariance based hierarchy
is shown in Fig. 3.18. After a large initial transient, the sum
is converging toward zero. Apparently this covariance based
hierarchy with this mission scenario is stable.

Other runs with this simulator may be found in the Gobbini
thesis (Ref. 29). For example one run shows the fixed rank
hierarchy not performing satisfactorily when there is no motion
in the community. This illustrates the importance of the-

observability condition.

3.6 Stability Conclusions

It is clear that the stability of ownstate organizations of
the decentralized navigation problem is critically dependent on
the source selection logic.

We have proven that a fixed rank hierarchy is stable,
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provided the controllability and cobservability conditions are
satisfied for each member. Controllability is built in by the
filter designer. Observability depends on the mission geometry.
For some members it may depend on there being motion or being
allowed to use round trip timing.

The disadvantage of the fixed rank hierarchy is that there
is no way of assigning fixed ranks that will be good for all
missions. Suppose for example in our simulation we had assigned
rank 1 to member 1, rank 2 to member 4, and rank 3 to members 2
and 3. As a result, members 4 and 3 fail to have the required
observability. Member 4 at a fixed relative positicn with
respect to member 1 and using measurements only from member 1 is
unable to solve for its own errors. Member 3 with static
measurements from members 1 and 4 can not solve for its own
errors. Only member 2 with its motion is able to solve for its
oWwn errors, but its estimates will be corrupted by the poor
measurements from member 4.

The democratic organization is totally unreliable. In the
simulation presented the community navigation was clearly
unstable. )

The covariance based hierarchy overcomes the disadvantage of
the fixed rank hierarchy, assuring information from members with
accurate navigatior will propagate throughout the community.
However it is not clear that this organization can be proven
stable. Rank reversals can occur because after processing many
measurements from sunposedly more accurate sources, the member

Wwill believe it now has better accuracy than one or more of its




previous sources. The role of source and user then reverses.
Thus closed loop information paths do exist. It seems reasonable
to predict that if the rank reversals occur infrequently relative
to the settling times of the individual filters, then the
community will be stable. But if the rank reversals are frequent
and the settling times of the filters are large, then the
community might be unstable.

Furthur research is needed to establish the conditions under
which the covariance based hierarchy can be guaranteed stable.
It may be necessary to enforce some rules concerning the

allowable rate of rank reversals.
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CHAPTER 4

NAVIGATION BASED ON MEASUREMENT SHARING

4.1 Measurement Sharing Versus Estimate Sharing

The current JTIDS Relnav implementation is an example of
decentralized estimation. 1Individual members estimate their own
state using only their own measurements. However incorporation
of a time of arrival measurement requires knowledge of the
position of the source, so members are required to share their
best estimates of position.

A conceptually different approach would be based on
measurement sharing rather than estimate sharing. If one knows
the values of all measurements taken throughout the community
(together with necessary supporting data), one can in theory
estimate the navigation state of the entire community. Such an
estimator would he the theoretical optimal estimator.

In a large community it would be impractical to implement
the theoretical optimal estimator. The number of state va}iables
in the filter is propeortional to the number of members. To model
the significant errcrs of a single inertially equiped member
typically requires 12 or more state variables. If the filter
must model 1@ such members in the community the total state
vector has dimension 126. Another difficulty is that the number
of measurements obtained in the community each cycle is

pProportional to the square of the number of members. Each of the
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M members takes M-l measurements each cycle. At some
sufficiently large M the communication demands on the JTIDS
network would become excessive and/or the Kalman filtering
processing requirements would exceed the computer capacity.

The JTIDS literature does not provide an evaiuation of the
possibility of implementing measurement sharing. The working
assumption is that the communication requirements would be too
great and the ccmputer capacity required would be too large. The
JTIDS development effort has concentrated on the ownstate
formulation, which has the advantage that the filter state size
is independent of the number of members and pecsition message
traffic grows only linearly with the number of active members.

However after considerable effort has been devoted to
implementing the ownstate organization concept, it has become
clear that the ownstate formulations have some performance
shortcomings. The navigation accuracy at best falls short of the
theoretical optimal, in part because a member's filter uses only
its own subset of the total measurements taken in the community.
At worst some ownstate formulations in some mission scenarios are
unstable. The community convergence can be noticeably slower
than the optimal because unmodeled error trarsients of a source
excite error transients in a user. It would be highly desireable
to f£ind alternate community organizations that approach more
closely the theoretical optimal performance.

In this chapter we explore the possibility of implementing
JTIDS navigation based on measurement sharing. The goal is to

propose an organization that approaches the theoretical optimal
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in performance but meets the communication and computation

constraints of the JTIDS system.

4.2 Practical Measurement Sharing Organization

It may be that navigation estimates close to the theoretical
optimal can be obtained using a subset of the total measurements
in the community. It should be possible to develop a primary
member concept in which certain members are identified as being
of particular significance in establishing the navigation grid
and providing good measurement geometry for all members. The
number of primary members might be of the order of five, but
certainly not more than ten. It would be these primary members
that would be responsible for sharing the values of their
measurements. By limiting the number of members that gdo
measurement sharing, the amount of message data no longer grows
as the square of the total number of members but rather linearly
with the total number of members.

Gobbini (Ref. 29) has estimated the number of bits that must
be broadcast in the navigation messages. 1In addition to the
values of the measurements obtained during the last cycle.-the
broadcast must include the inertial indicated position at each
measurement time. It may also be necessary to include INS
resetting data and clock resetting data. Consider a nine member
community, all designated primary members. 1If data supporting
eight measurements is included in each navigation message,
Gobbinl estimates that 685 bits would be required. The nine

member broadcasts per cycle would total 6165 bits. According to
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Ref.

1, every 12 sec cycle of JTIDS broadcasts contains 1536 time
slots, whose capacities are 545 bits each, for a total of 837,120
bits per cycle. Thus the required navigation communication for
nine members would be less than 1% of the total capacity.

Optimal processing of the available measurement data by an
individual member would require a filter state vector that
included the navigation errors of the member plus the navigation
errors of the primary sources. If the member were a secondary
menber and there wers nine primary members, this could require 12
states for each of the 18 members or 128 state variables. Such a
filter is beyond the capability of current flight computers.

It is possible that a suboptimal filter with far fewer
states can meet the performance goals of an individual member. A
member is primarily interested in having accurate estimates of
its own navigation errors. It is interested in estimating the
errors a2f the others only if these errors are strongly correlated
with its own errors. This suggests that a reduced state filter
could be implemented in each member. The suboptimal filter would
model all the ownstate variables but would delete most of the
other member variables except those that directly influence the
measurements. The retained variables are the horizontal position
arrors and the clock offset errors of each primary source.

In the nine primary member example, such a suboptimal filter
would have the member's own 12 states plus 9 times 3 or 27 of the
primary member states for a total of 39 state variables. This is
still a large real time filiter by current standards, but it could

be implemented.
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4.3 Simulation of Optimal and Suboptimal Filters

To provide some estimates of the potential performance of
the optimal filter and the reduced state suboptimal filter, we
have implemented low order versions of both filters in the 2-D
simulator.

Again four members are simulated. This time there is no
motion. The members are at the corners of the 20 km square of
Fig. 3.5.

Agaln the navigation grid is established by choosing member
1 to be the navigation controller and time master and by choosing
member 2 to be an end of baseline subcontroller.

The truth model for the navigation errors has been augmented
to include rate states. There are now 16 navigation error
variables in the community. Member 2 has four errors: x position
and velocity errors, and clock phase and clock frequency errors.
Members 3 and 4 each have six errors: x and y position and
velocity errors, and clock phase and clock frequency errors. The
truth models for the rate states are simple random walks. The
positional and phase states are integrals of the related rates.
Inital values of the positional and clock phase errors are set
randomly to 1 km standard deviation. 1Initial values of the
velocity and clock frequency errors are set randomly to #.5 m/sec
standard deviation. These initial values are representative of
INS positional and velocity errors. The clock errors have again
been assumed to be of the same level of significance as the

inertial errors. The random walk rate states all have variance
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parameter of (6.817 m/sec)z/sec. This level of noise provides a
crude model of the effect of the Schuler oscillations on the
velocity errors of the inertial systems. Clock frequency noise
is at the same level of significance,

The time of arrival measurements again have an additive
random error of 18 m standard deviation. The broadcast time
slots are as before as shown in Fig. 3.6.

All four members are considered primary members, so all
measurements taken by all members will be shared. The simulation
neglects any lag between taking a measurement and broadcasting
the measurement.

The optimal filter implementation has 16 state variables
that match the state variables in the truth model. The initial
covariance matrix is diagonal with positional or clock phase
variances set to (1 km)2 and velocity or clock frequency
variances set to (8.5 m/sec)z. The filter has correct values for
the driving noise and measurement noise statistics.

The performance of the optimal filter is shown in Figs. 4.1,
4.2, 4.3. The estimation error is rapidly reduced to very small
levels. By the end of the first cycle of measurements at }=12
all positional variables have been estimated to an accuracy of
the order of the noise in the time of arrival measurements (1@
m). By the end of the second cycle some progress has been made
in reducing the velocity errors.

Each suboptimal filter implementation deletes the rate
states of the other members. The suboptimal filter of member 2

has 18 states (x2,vx2,t2,£2; x3,y3,t3; x4,y4,t4). The suboptimal
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filter of member 3 has 11 states (x3,y3,vi3,vy3,t3,£3; %x2,t2;
x4,y4,t4). The suboptimal filter of member 4 has 11 states
(x4,v4,vx4,vyd,td,£4; x2,t2; x3,y3,t3). The absence of a rate
state is compensated for by adding a driving noise in the related
positional or claock error state. The variance parameter of the
resulting random walk model is set to (10 m)z/sec. The resulting
standard deviation of the random walk at 400 sec is 208 meters,
which matches the level of the increased position error due to a
constant 0.5 m/sec velocity error.
The performances of the subcptimal filters are shown in
Figs. 4.4, 4.5, and 4.6. The performances are again excellent,
coming close to the optimal filter performance. The suboptimal
filters take somewhat longer to converge to positional accuracy
of 10 m, but they do achieve that level. Velocity convergence
also is somewhat slower, but again the steady state accuracy 1s
4 of the same order as that of the optimal filter. For both the
position estimatec and the velocity estimates the filter computed
uncertainties are in gcod agreement with the single case error
traces., Deleting the rate states of the others appears to have

little effect on estimating ones own errors.

4.4 Measurement Sharing Conclusions

The proposed measurement sharing organization has excellent
performance characteristics. Member estimates of their own
errars approach the theoretical optimal. Positions and clock
errors are successfully estimated in cne or two cycles of

measurements. The accuracy is at the level of the measurement
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The measurement sharing organization decouples the
estimation processes of the members. Should one member's filter
be poorly implemented and be producing bad estimates, this will
have no effect on the estimates of other members. Similarly
there is no possibility of an instability similar teo the
interaction instability of ownstate democratic organizations.

To limit the navigation message traffic to acceptable levels
it is necessary to introduce the concept ¢f primary members and
limit measurement sharing to these members. Further research is
needed to explore the necessary number of primary members. Net
managemeént rules ior dropping a primary member and introducing a
new primary member need to be explored.

A more vdrecise estimate of the number of bits to be
transmitted needs tc bz worked out, The issue of whether or not
reset information must be broadcast must be considerad.

The measurement sharing approach simplifies the source
selecvtion logic. There is no need for the covariance based
hierarchy source selection logic.

The number of measurement types is reduced. There i; only
one time of arrival measurement typa. Compare this with the
current JTIDS baseline software, with its geodetic update type
and relative grid update type. Also there is no need for the
JTIDS grid offset measurement type, which has two components.

A suboptimal filter can be implemented in each member,
deleting the rate states of the ather mombers. Perfoarmance is

£

nearly optimal, according to our 2-D low state small number of

78

&aki

e

© e e sdanta o i

o it et i




members simulations. These perfcrmance tests should be repeated

in a 3-D simulator with more state variables in the truth and

filter models and with more members.




CHAPTER 5

JTIDS/GPS/INS INTEGRATION

In Section 2.3 we reviewad the JTIDS/GPS/INS integration
literature. The CNPI study conducted by Draper Lab and the
MFBARS studies conducted by ITT and TRW concentrated on hardware
integration issues. There has also been some qualitative
discussion in the literature of the functional and performance
benefits that may be realized with integration of JTIDS, GPS, and
INS data. In this chapter, Section 5.1 discusses further these
functional and performance benefits. Section 5.2 discusses the
additions and changes required to the network data transmissions
and to the member software to obtainsthe desired benefits.
Section 5.3 comments on the tradeoffs between improved

performance and system complexity.

5.1 Benefits of JTIDS/GPS/INS Inteqration

GPS/INS Integration. Pirst we review some of the benefits

of GPS and INS data integration. A GPS recelver can operate very
well without an inertial system provided it is operating in a low
dynamic environment. But if it is to be used in a high dynamic
environment such as in a tactical aircraft, then optimal
integration with an inertial system becomes highly desireable if
not essential. Some of the integrated functions and benefits

are:
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1. Dead reckoning. The tracking of the GPS signals from the
satellites can be broken due to jamming or due to wing shadowing
of the line of sight from the antenna to a satellite. During
loss of GPS tracking, the inertial system provides a dead
reckoning capability, which accurately follows the vehicle
maneuvers. Navigation accuracy continues to be quite good for a
moderate period of time.

2. Reacquisition aiding. The inertial indicated position
and velocity is used to aid the GPS signal search algorithm.

With the significantly smaller position/velocity uncertainty than
would be the case without inertial data, the search algorithm
reacquires the GPS signals faster.

3. Tracking aiding. During tracking, inertial aiding of the
tracking loops permits narrower tracking loop bandwidths. This
improves the jamming rejection ability of the system.

4. Antenna beam pointing. The inertial indicated attitude
can be used to ponint the beams of a phased array antenna. By
permitting the use of high gain antennas, additional jamming
protection is achieved.

5. Sequential receiver aiding. The availability of in;rtial
position and velocity data relaxes the requirement for
simultaneous tracking of the code from four satellites to obtain
a fix. A sinale receiver channel can be time shared among the

satellites being tracked.

JTIDS/INS Inteqration. In the case of JTIDS and INS data

integration. some of the functions and benefits are the
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following:

1. Dead reckoning. The inertial system again provides =
dead reckoning capability. This can maintain the JTIDS relative
navigation accuracy during a brief period of loss of signal or
poor measurement geometry. The provision for loss of signal is
not as essential a function as in the case of GPS/INS navigation
because of the higher JTIDS signal strength. On the other hand
JTIDS Relnav accuracy can suffer from significant geometric
dilution of precision. If poor geometry occurs only for a short
period of time, then the inertial dead reckoning capaoility
provides accurate navigation during this period.

2. Sequential measurement processing. Even with good signal
tracking and 9ood measurement geometry, the inertial data makes
possible more accurate relative navigation. The position
messages received from the various members of the community occur
at different instants. The inertial data is at the heart of the
interpolation and extrapolation needed to reconcile these
1 asynchronous measurements.

3. Inertial error estimating. The inertial navigation of a
member planning to leave the net benefits from the estimat;on of
the INS errors by its Kalman filter during net operations. More

accurate inertial navigation is possible after leaving the net.

JTIDS/GPS/INS Integration. 1In addition to the abave

benefits of inertial integration with GPS or JTIDS receivers,

there are significant benefits to inteqrating the data from 211

three systems. Some c<{ the benefits are from GPS aiding the




JTIDS functions and some are from JTIDS aiding GPS functions.

In the GPS aiding JTIDS category, a basic benefit is:

1. Relative grid stabilization. A few GPS equipped members
can act as geodetic position references for the JTIDS network.
This can anchor the relative navigation grid, provided the dead
reckoning errors of the navigation controller are properly
modeled.

If JTIDS net time is synchronized to GPS time and if all GPS
equipped members know this then some additional benefits are
possible:

2. Net entry aiding. A GPS equipped unit can enter the
JTIDS net faster because net time is known.

3. Passive relative navigation. A GPS equipped unit at the
fringe of the JTIDS community can maintain radio silence and
still do accurate relative ranging and navigation. Round trip
timing is not needed to resolve the fundamental time/distance
ambiguity.

4. Relative navigation accuracy improvement. Similarly the
general relative navigation accuracy throughout the community
might improve somewhat because the measurement innovations‘are
concentrated on pcsition fixing rather than spread between
position and time fixing.

Some of the benefits of JTIDS aiding GPS funcuions are the

following:
1. Geodetic navigation during jamming. Reception of the
relatively weak GPS satellite signals is more susceptible to

jamming than the reception of the shorter range JTIDS signals.
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There are likely to be target areas where jamming denies GPS
reception. In these areas accurate geodetic navigation can be
maintained by the members, provided the grid is anchored by GPS
equipped members outside the jammed area.

2. Reacquisition aiding. When a GPS egquipped member emerges
from the jammed area, reacquisition of the GPS signal can be
rapid because the receiver need only search a relatively small
pseudorange and pseudorange rate space. If the period of 3jamming
is brief, the inertial aiding alone would be sufficient to
provide this benefit. But if the period of jamming is long. the
pure inertial errors and the GPS receiver clock errors would
grow, So the JTIDS relaying of geodetic infcrmation becomes
important. If the clock error is as significant as the inertial
error, then the GPS/JTIDS time synchronization information is
also important.

3. Nen-coherent tracking suppert. Accurate GPS navigation
is based in part on knowing the exact satellite positions and
satellite clock errors. Normally this data is obtained from the
data modulation on the GPS signal. However to decode this data
modulation the receiver must be able to maintain carrier t;acking
in the phase lcocked Costas loop. In a jamming environment,
carrier tracking (and therefore the data demodulation; is lost
before code tracking is lost. Transferring the neecded GPS
satellite data over the JTIDS link may permit GPS operation in
the code trackiné only mode (non coherent mod2) in regions where
data demodulation is impossible.

4. Geodetic navigation with all members partially jammed.
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In the absence of jamming, GPS navigation is rased on tracking
the four satellites that have the best gecmetry. With some
jamming present, some of the best geometry satellites may be
denied, in which case an alternate guadruple (s selected and
somewhat lower accuracy will result. With more jamming, the user
may be reduced to tracking only three satellites. A geodetic !
navigation rix is still possible if xnown altitude (ships) or ;
measured altitude (aircraft) is also used. In the case of using
barometric rather than radar altimeter data, the altitude
accuracy is low and this may cause a significant degradatiocn in
the horizontal accuracy as well. If the iamming Is such that
only two or one satellites can be tracked, then a position £ix is
no longer possible.

Now suppose that all GPS members are partially jamrmed but
three members can each track a pair of satellites. Each of these
three can compute a geodetic line of position using the two
pseudorange plus altitude data. If these three members share
their computed lines of position and if there {s good norizocntal
relative navigation, then in theory there is sufficient
informaticn to fix the origin and orientation of the :elat;ve
navigation grid. This is illustrated in Figure 5.1. It is
necessary that all three lines of position not be paralleil. This
condition is satisfied if the lines of position are not based on
the same pair of satellites.

Note to make a useful contribution, a member must be able to
track 2 pair of sarellircas

la gatallirca maaguramane
-2 ates.tte o ement

useless to other members because of the unknown and unobservable




rereiver clock error.

The paver by Rome, Reiily, and Ward (Ref. 23) includes the
sugaestion that GPS measurement sharing can make possible

gecdet!lc fixing of the relative grid even if cnly the same two

GPS satellites are tracked by three or more members. No accuracy

analysis is presented in support of this suggestion. We believe

the accuracy would be so poor as to be useless, The methcd

relies on the lines of position (at the different members) having

different azimuths. WNot discussed is the fact that members must
be widely separated in order for these azimuths to be

significantly different. Since the member separation is small

compared with the distance to the satellites, the azimuths will

not be very different and the grid fix accuracy will be wvery

poor.

DIRECTION TO
1 2 C SATELLITE #2

NORTH POSWN.

cAST POSN.

Fig. 5.1 Relatjve Grid Geodetic Fix by Shared
GPS Lines of Position
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5.2 Apprcaches tc Data In+tegration

To accomplish full JTIDPS/CPS/INS integration requires
hardwaire and software modifications. ' dware integration has
been stucdied by Draper Lab, ITT, and TRW. In this subsection we
discuss some of the software requirements. Changes or additions
are required both in the data tvansmitted on the JTIDS net and in
the prccessing of the data and measurements by the individual

members.

GPS/IHS Integration. First we review some of the software

features of an integrated GPS/INS navigation system. At the
heart of an cptimally integrated system is a Kalman filter that
estimates the inertial navigation errors and other state
variables using the selacted GPS measurements. A typical set of
state variablies to be estimated by the Kalman filter is shown in

Table S.1.

Table 5.1 GPS5/INS Filter States
INS geodetic position error 3
INS geodetic velacity error 3
INS geodetic misalignment 3
Altimeter error 1
GPS receiver clock phase error 1
CPS receiver clock frequency error 1

Tctal state variables 12

I{ long periods without GPS are expecteé or if the inertial
system is of low quality, then zdditional INS states may be
beneficial. The designer might add one vertical acceleration

error state and two or three gyro drift rate states.
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There are three measurement tyce
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r-cessed by the filter:

1. GPS pseudorange. A GPS pseuderange measurenent is
incorporated by first forming the <ifference Letween the
measurement and the a priori estimate of the measurement, which
is based in part on the inertial indicated position and the
filter estimate of the inertial position error. In terms of the
filter state variables, the difference is 2 -unction of the
errors in the estimates of inertial position error and CPS
receiver clock phase error.

2. GPS pseudorange rate. Similariy a GPS pseudorange rate
measurement is differenced with the a priori estimate of the
measurement. T terms of filter state variables, this difference
is a function of the errors in the estimates of inertial velscirty
errar and GPS receiver clock frequency error.

2. Altimeter. An altimeter measurement is incorporated also
as a difference measurement. The a priori estimate of the

measurement is formed f£rom the inertial indicated altitude and

+

the £ilter estimates of the inertial altitude error and the
altimeter error. In terms of filter state variables, the
difference is a function of the errors in the estimates of_
inertial altitude errcr and altimeter error. In some systems the
altimeter data may be directly blended with the inertial data
within the inertial navigaticn equations. This is a non optimal

utilization of the data. One settles for this configuration when

there is an operational requirement that a 3table baro-inertial

12 3 v =
~ a3

-
[AR=1

b

gation capability be maintained independent cof the wo

[
Lo}

nav

of the Kalman filter,
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The GPS system, as currentiy pianned, will have 18
satellites in orbit. A good fraction of these will be visible at
any time above the local horizon. Since only four pseudorange
measurements are reguired to obtain a position/time fix,
nmeasuremen: selection logic selects the four satellites that can
most help reduce the navigation errcrs. The algorithms used are
typically based on a static position fix error analysis which

provides the geometric diiution of precision (GDOP).

JTIDS/INS Integration. Kalman filter software is alsoc used

for the intecsation of JTIDS and INS data. A typical JTIDS/INS
fiiter, designed to operate in an ownstate community

organization, might estimate the states shown in Table 5.2.

Table 5.2 JTIDS/INS Filter States

INS geodetic horiz. position error
INS gecdetic horiz. velocity error
INS geodz2tic misalignment

; JTIDS receiver clock phase error

[ JTIDS receiver clock frequency errcr

. Relative grid origin position error
Relative grid origin velocity error
Relative grid azimuth error

=0
B PO R W NN

Total state variaples

Note thav INS altitude and vertical velocity errors and
altimeter errcr are not estimated. These are normally
unobservable errors because of the normally nearly horizontal
JTIDS measurement geometry. The vertical channel of the inertial
navigation eguations must be stabilized using the btarometric

aitimeter data. A convantional concstant gain third order
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mechanization can blend the baro and inertial data. Little or no

PRI S

performance benefit can be expected by adding the vertical
channel error states to the filter and by incorporation the

altimeter data through the filter.

; To obtain a more accurate calibration of the inertial
' navigation sources of error in anticipation »f leaving the JTIDS
network, the designer may cl .ose to add two or three gyro drift
rate states to the filter state vector. Three gyro drift state
are included in the Hughes JTIDS/INS filter design (Ref. 18).
Note, in a filter designed for an ownstate organization,
there are no states associated with the positional and time
o errors of the other active members, except for the relative grid
error states which are related to the navigation controller
geodetic errors. These grid states are needed to permit dual
grid navigatien.
There are four measurement incorporation types utilized by
the Hughes JTIDS/INS filter (Ref. 18):
1. JTIDS grid pseudorange. This is the basic relative
navigation measurement incorporation in which a source with good
E quality grid position serves to improve the user knowledge-of
d grid position. A grid pseudorange measurement is one where the
;j JTIDS measured time of arrival is differenced with an a priori
| estimate of the TOA that is computed from the source grid
: i position in the P message and the internal estimate of own grid
! position and grid time. 1In terms of filter state variables, the
difference is a function of the errors in the estimates of

inertial pesition error, grid oriqgin position error, and JTIDS
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raceiver clock phase error. It is also a function of the gria
position and time errors of the source, but since these are not
states in the filter their effect is modeled as an additive
randoem error with variance related to the relative positio..
quality word and the time gquality ward in the P message.

2, JTIDS geodetic pseudorange. This 1s an 2lterrate way of
processing the same physical time of arrival measurement. A
source having good quality geodetic information serves to imprce:z
the user Xnowledge of geodetic position. A geodetic pseudorange
measurement 1s one wWhere the measured time of arrival is
differenced with an a priori estimate of the TOA that is computed
from the source geodetic position and the internal estimate of
oWwn geodetic position and time. 1In terms of filter states, this
difference 13 a function of the errars in the estimates of the
inertial position error and the JTIDS receiver clock phase error.
It is also a function of the error in the geodetic positicn and
the error in the time of the source, but since these are not
states in the filter they are modeled as an additive random error
of variance related to the geodetic position quality word and the
time quality word. .

3. JTIDS grid/geodetic offset. This type provides a means
of transferring from the source to the user information about the
relative grid to geodetic transformation. A grid/geodetic offset
measurement is not directly related to any measured time of
arrival. It is computed from the source geodetic position
transformed through the internal estimate c¢f own grid/gecdetic

transformation and the source grid position. The otff:set i{s a
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hoarizontal vectar with twoe components.

4. JTIDS round trip timing. A round trip timing measurement
serves to update the estimate of the receiver clock errecr.

It is interesting to note that there is fundamentally only
one physical measurement type in the JTICS ~community, namely
pseudorange (time of arrival). Navigation based on measurement
sharing would use only one measurement incorporation type. Thi
would be the difference between 3 measured pseudorange and the a
priori estimate of the pseudorange. The state vector of the
filter would include all the horizontal position and clock error
states of all primary members of the community. In terms of the
filter state variables, the pseudorange difference measurement
would ke a function of the errors in the estimates of the
inertial position errors and clock phase errors of both: the
source and the receiver of the measurement.

The measurement selection logic in ownstate JTIDS/INS
navigation software is complicated. The hierarchy rules
concerning who may use measurements off of whom are imbedded in
the logic. The number of possible measurement incorporations may
be quite large not only because there may be many active m;mbers
but also because there are the three different ways of
constructing measurements from a single time of arrival and
position message event. The measurement selection ligic must
screen all these possibilities and and select subsets that will
in do the most to improve the navigation estimates. Multiple
criteria are used in the Hughes logic. These test thne ability cf

a possible measurement incorporation te improve the accuracy of:
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3rid leve: position, gecdetic level position, vertical position,

time, and 3rid azimuth.
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<TIDS/CPS/INS Inteqration. We now discuss the changes or

adcditions required to achieve full integration of the JTIDS, GPS,

and INS 2data.

v s S A

Among the hardwa:e changes, we assume a timing iine (s

orovided between the GPS receiver clock and the JTIDS receiver

i
1

clock so that the clock difference can be observed pracisely.
In discussing network and software changes, we assume that
the ownstate organization concept is being retained.

First we discuss the impact on the netwerk data

transmissions, The JTIDS position message fcrmat already

P SR e S G G

provides for the source geodetic position estimate and its

guaility. The present format is adeguate to accomplish the
propagation of GPS derived geodetic information throughout the
network. This facilitates the relative grid stabilization, the

geodetic navigation during jamming, and the GPS reacguisition

3 2iding.

In order to achieve the benefits asssciated with
svnchronized GPS and JTIDS time, GPS equipped members mnust <now

that the synchronization exists. First consider the case where

s .

AR ilaa. . RS

+he net time controliler is GPS equipped and actively maintains
JTIDS time in sync with GPS time. If this is known to a GPS
equipped user before net entry, then GPS time czan be used =<
achieve faster net entry. 1If it is net known in advance, then

JTIDS net entrvy is accomplished in the neormal wav. The net time

’
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controller should broadcast the syncronization fact so that Jsers
who did not know of this in advance learn of it after net entry.

A more general organization would allow for the possiblility
that the JTIDS time controller is not GPS equipped and can not
maintain JTIDS time in syrnc with GPS time. 1In this case the CPS
equipped members might estimate the time offset of the two
systems and would transmit the offset estimate and its error
variance (a gquality word) for thes benefit of other GPS equipred
members. The henefits for GPS equipped members include possible
passive relative navigation at the fringe cof the rommunity, a
general relative navigation accuracy improvement, and improved
GPS reacquisition aiding.

GPS satellite data messages may be added toc the network to
facilitate continued GPS navigation in the non coherent mode in
moderately jammed regions.

GPS lines of position can be added to the network to
facilitate gecdetic position fixing in the partially jammed
situation where no member has succeeded in obtaining by itself a
GPS fix. To specify a line of position requires three parameters
such as the longitude and latitude of one poirt on the line plus
the azimuth cf the line. A quality word for the line must also
be sent. It would be related to the satellite pair geomet:y,
pseudorange measuremenrt accuracy, and altimeter accuracy. 2an
alternate organization would transmit the raw pair of pseudorange
measurements plus the altimeter measurement plus the altimeter
guality. This eliminates some of the computation burden from the

scurce memher and shifts it to any user member that chocses to
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incorporate a line of

ol

ositicn measurement tyve.

"

Now we discuss the impact of full intecration on the

in

nftware af the indiv:idual menbers. At cthe heart of the

navijation software of each member will Se a Xa

filter orovides the optimal %ime varyiang comdination cf the
dissimilar cdata from the JTIDS, 5PE, and INS subsystems. Tine

varving rather than cons

re

ant gains are needed Decavse 2% the tinme

because of

4]
o3
C

varying JTIDS ani GP'S measurement cseometries

varvying measurement availability such as due tc jamming or due o

members

L4

oining cor leaving the network.
Kriegsman and Stonestreet /Reif. 21! oriefly discuss the

f
0.
¥t
w
in

possibilizy that

th

aparate GPS/INS® a2nd JTIDS/ ilters might e

.
naintained, with thelr outputs combined in some way. An

advantage of this approach might De that the existing softwars of
thegse currently developed configuraticns might Ze useable without

significant modification. Disadvantages are that redundant

Ind

states must be carried in both filters, trne INS must interact
with two filters, and special f£ilter updates must be defined to
transfer geodetic and time infcrmation from the GPS fil:er to the
JTIDRS filter, ail of which increase the software complexity and
tax the computer resources. The authors recommend imvtlementing a
single integrated filter.

An additional disadvantage of the two filter agproach, not
discussed by Kriegsman and Stonestreet, 1s that additional
special filter updates must be defined to transfer JTIDS relayed

geodetic fix informatior to the GPS filter to obtain the benefits

noted fs5r the GPS jammed environment. Also not discussed is the
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fundamental f3c+- that the two filter mechanization i3 anct :he
optimal estimator. Performance will be degraded comparad with
the perfsrmance of the single optimal estimator. These
edditiaonal considerations furthur suppor: the choice of a sinzle
integrated JTIDS/GPS/INS filter rather than the patching togetrer
of a JTIDS/INS filter and a GPS/INS filter.

An integrated JTIZS/GPS/INS filter might model and estirmate
the states shown in Table 5.3, This set o5f state variables is
essentially the same as the set suggested by Kriegsman anid
Stonestreet (Ref. 213'. The filter states do not include two
states related to the JTIDS net time controller clock phase and
frequency errors relative to GPS time. It is assumed that che
JTIDS/GPS time offset can be estimated in a direct manner without

adding states to the filter.

Table 5.3 JTIDS/GPS/INS Filter States

INS geodetic position error

INS geodetic velocity error

INS geodetic misalignment

Altimeter error

GPS receiver clock phase error

GPS receiver clock frequency error
JTIDS receiver clock phase error
JTIDS receiver clock £rza2quency efror
Relative grid origin position error
Relative grid origin velocity ergor
Relative grid azimuth error '

[l |
W RN R R W W

Total state variables

The measurement types to be prucessed by the integrated
Kalman filter include those found in a GPS/IMS filrter plus those

found in a JTIDS/INS filter plus pcgsibly a shared GPS line of

position measurenent. A typical set is shown in Table %5.4.
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: Table S.4 Measuremen*ts

SPE sseudorange

3PS oseuidorange rate

Altineter

2 TI28 grid zcseudorange
4 STICE zeondetic pseudcrange

3ITIZS grid/geoderic offiser 2 components
. STID5 round trig timing

‘Sharad GPS line of wesizien

A shared GPS line of positizn nessurement wWouli Te
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is evident that to achieve all of the pcssible henefits

of fal

—

JTIDS and GPS Jdata integration there is a significant
increase in the qguantity of the 2a-a traffic between nembers and
in the complesity of the member =oftware, The designers of the
network and the system software must conduct tradeoff studies to
determine whether or not each added complication brings a
sufficiently significant benefit. In sSome casesS accuracy
analysis or simulation is needed to guantify some of the
nerformance benefits.

The abilizy to share geodetic information is already
included in the JTIDS network data and member software. The
verformance bhenefits from using this capability seem significant
enaugh, so this should be retained.

To obtain the benefits of JTIDS time being synchronized to
GPS time, a small message must be added to the network stating
the time o0ffset. Members must have a hardwired timing line
connecting their CPS and JTIDS clock functions. Software
additions are needed to handle the timing information. The

berefits are sufficiently worthwhile to justify these increases

in complexivy.

To snare the GPS ratellite data messages will add a
significant amount of data traffic to the network. The benefit
of continued GPS code tracking long after carrier tracking has
been lcst due to jamming may not be judged worth the traffic.

To share GPS lines of position may not add a great amount to
the network data traffic. But it does increase the member

software complexity in the Kalman filter and in the measurement
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selection logic. It seems to us that the benefit is not great
because the only situation where this sharing is useful is in the
unlikely event that no two GPS eguipped members can get a GPS £ix

and vet three members can each track pairs of satellites.

Because of the poor benefit to complexity ratioc we recommend that

sharing of GPS lines of position not be implemented.
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CHAPTER o

JTIDS/GPS/INS SIMULATOR

While much insight can be obtained with a two dimensional
simulator with low order error models and few members, for a
convincing demonstration of the community performance one needs a
simulator with much higher fidelity. This chapter provides a
summary of the design and capabilities of the M.I.T.

JTIDS/GPS/INS simulater, developed to support this research.

6.1 Simulator Design

The simulator is capable of modeling as many as 12 members
in the community. At present these are all aircraft. Realistic
mission scenarios can be simulated, including typical aircratft
trajectories. The simulator is three dimensional and includes a
curved earth model. The navigation equipment in each aircraft
includes JTIDS receiver, GPS receiver, inertial measurement unit,
barometric altimeter, and navigation computer. The simul&éor is
capable of demonstrating either JTIDS/INS relative navigation or
integrated JTIDS/GPS/INS dual grid relative and geodetic
navigation.

Before undertaking the development of the simulator, we

explored the availability and suitability of other JTIDS

navigation simulators. ©One approcach considered was to obtain,

modify, and use the Dynamics Research Corporation JTIDS Relnav




simulator. The development of this simulator has been spconsored
by the Naval Air Cevelopment Center. Unfortunately the Navy felt
it was premature to release a preliminary version of this
Simulator to M.I.T.

We next explored the availability and suitability of the
Hughes/Intermetrics JTIDS Relnav simulator., The Hughes effort
has been sponsored by the Air Force. Hughes and the Air Force
were willing to have M.I.T. utilize the simulator. We obtained
the simulator documentation and Fortran source code from the
JTIDS Joint Program Office. We determined that the trajectory
generator would be directly applicable to osur work with some
modification. The balance of the simulator was less applicable
to our purposes. The Hughes/Intermetrics simulator is designed
in part for a different purpose than navigation research and
analysis. It faithfully simulates the high data rate traffic
between the inertial system and the JTIDS terminal. The
simulator can be used in a laboratory environment to drive an
actual JTIDS terminal to check out the operational computer
program. As a result of the necessary simulation cecmplexity and
short time steps, the simulator is costly to cperate. For‘
navigation research and analysis we require a simulation that is
less costly to operate. We decided therefore to utilize the
trajectory generator as a starting peint but not attempt to
utilize the balance of the simulator source code.

Some of the modifications to the Hughes/Intermetrics

trajectory generator are the following: The inertial navigation

system simulations have been removed from the trajectory




generator. We have moved this function to the navigaticn
3imulation so as to permit closed loop resetting of the
navigation variables by the Kalman filters. The random time slot
assignments have been eliminated. We are willing to assume that
31l assigned times occur on integer seconds. The trajectory daca
fer each member is synchronized on the integer seconds. The high
frequency at which trajectory data was provided has been
elimincted. We have no requirement to provide high freguency
inputs to an inertial navigation function. The rate at which we
record trajectory data is one community data set per second. We
have eliminated the ellipsoidal earth model and are using a
spherical earth model. All of the design simplifications
discussed above are thought to have no essential effect on the
ability of the simulator to make realistic predictions of the
actual JTIDS/GPS/INS navigation errors.

A second trajectory generator Program hacs beern developed to
provide GPS satellite positions. The present capability provides
four GPS satellites that provide good measurement geometry.

The navigation portion of the simulation operates on the
precomputed member and satellite trajectories. It simula;es the
member inertial navigation errors. It generates simulated
measurements and mimics the processing of the measurements by the
data processors of each member. Output records are written on
the disc for later editing, printing, or plotting.

One simplifying assumption is that all broadcast and

measurement events occur at integer seconds. This aveoids the

need for interpolation between trajectory data points. Another




simnlifying assumption is that all member data provessors are
infinitely fast. Thus for example the member who is about to
hroadcast is able to incorporate any measurements that were taken
at the last integer second, read its INS indicated pecsition at
the broadcast time. update the Kalman filter state to the
broadcast time, and include current estimate and variance data in
the brocadcast position message. This assumption greatly
simplifies the simulation logical flow. There is no need to
simulate a lagging filter process.

To simulate the inertial navigation, INS error equations
have been implemented. This permits longer time steps than the
alternate approach of directly simulating the inertial navigation
by whole value integration of the high dynamic specific force.
The INS error eguations implemented are from the Widnall and
Grundy inertial navigation error models report (Ref. 31). A
local level, rather than strapdown, mechanization is assumed.

The simulator implements the current JTIDS ownstate
organization with estimate sharing, rather than an organization
based on measurement sharing. We have relied on a JTIDS software
specification by Hughes (Ref. 32) for details on the definition
of the relative ygrid, navigation controller constraints, position
message content, covariance based hierarchy source selection
logic, and JTIDS measurement processing.

We have designed a Kalman filter for integrating the JTIDS,
GPS, end local level INS data. The ownstate community
organization is retained. To avoid nonlinear difficulties with

JTIDS time of arrival measurements at short range hetween
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members, we have implemented the Gaussian second order filtar
equations (Ref. 33). These equations deweight short range
measurements by increasing the assumed variance of the
measurement as a function of the range and the positional
uncertainty. The biasing effect of the nonlinearity is also
compensated.

We have implemented the Bierman UDU' factored version of the
Kalman filter measurement incorporation algorithm (Ref. 34). The
Bierman algorithm splits the error covariance matrix P into
factors U, D, and U transpose. D is a diagonal matrix. U is an
upper triangular matrix with ones on the diagonal. Measurement
incorporations updating U and D avoid the numerical difficulties
experienced with Kalman's original algorithm. To evaluate filter
performance, we require the filter computed one sigma values of
the estimation errors. These are obtained as square roots of
elements or combinations of elements of the covariance matrix P.
According.y the P matrix is reformed from its U and D factors
after the measurement incorporations. Covariance time updating
is done in terms of the P matrix. The P matrix is refactored
before incorporating the next set of measurements. )

The simulator has been programmed in Fortran and runs on a
Digital Equipment Corp. VAX 11/788 digital computer with VMS
(virtual memcry) operating system. The navigation simulation
segment has been carefully implemented with a coherent subroutine
structure to make it easier to understand, easier to test, and
easier to modify. At least 58% of the lines in the source code

are comment lines. An introductory set of comments in each
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sutroutine states the subroutine [unction and lists the inputs
and outputs.

There are no preprogrammed input statements to the
simulator. We have found it to be straightforward to use the
powerful file storage and text editing capability sof the DEC VAX
system to modify mission event parameters, number of members,
etc. in a copy of the socurce code, then recompile the altered
subroutines, link with the unaltered compiled programs, and run.

The overall structure of the navigatiocn simulation is shown
in Table 6.1. The indentation Indicates which programs are
called by which. For example NAVSIM calls INITAL and MAINLP;
INITAL calls INITTR, INITDP, anéd QUTPUT; INITTR calls FRSREC:
etc.

NAVSIM is the main program of the navigation simulation. It
calls twec subroutines, INITAL the initialization routine and
MAINLP the main loop ¢f the simulation.

INITAL first calls INITTR, which sets the parameters and
initial values in the truth models. FRSREC reads in the first
records to be used from the aircraft and satellite traijectory
files. INITDP sets the parameters and initial wvalues in the
member data processor simulations. UDUFAC takes a covariance
matrix and splits it inte the Bierman UDU' factors.

OUTPUT supervises the outputting of the estimation errors
and filter indicated one sigma values. It calls OUTDAT which
supervises the outputting of data for a single member. OUTEVE
writes an output record identifying the event, if any. OUTGEQ

writes an output record of the geodetic navigaticn errors and the
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Table 6.1 Subroutine Structure of Navigation Simulator

NAVSIM - Navigation simula*or main program
INITAL - Initialization
INITTR - Initialize truth models
FRSREC - Read first traijectory record
INITDP - Initialize data processor simulations
UDUFAC -~ UDU' factorization of covariance matrix
OQUTPUT - Qutput results fcor all members
OUTDAT ~ Qutput data for one member
OUTEVE - Output event record
QUTGEQ - OQutput geo. errcrs and filter sigmas
OUTGRD - Qutput rel. grid errors a..d sigmas
RELCAL - Est. rel., posn. and sigmas calcs.
TRUREL - True relative position
MAINLP - Main loop
NEXTDT ~ Determine time of next event
NEXREC - Read next trajectory record
TRUTH -~ Truth models
TRUTUP - Truth models time update
EGPSUP - External GPS errors update
INSTUP - INS errors update
JTDTUP - JTIDS clock errors update
GPSTUP ~ GPS clack errors update
TRUGRD - True rel. grid origin and orientation
TRUMES -~ True measurements
JTDMES —~ JTIDS time of arrival measurement
RTTMES - Round trip timing measurement
GPSMES - GPS pseudorange measurement
BARMES -~ Barometric altimeter measurement
DPSIMS - Member data processcr simulations
KFTIME - Kalman filter time update
DPPHI -~ Data processor state transition matrix
DPQMAT ~ Data processor driving noise Q matrix
KFTUP ~ Kalman filter state and P matrix update
UDUFAC -~ UDU' factorization routine
PMESSG -~ Position message
SORSEL - Source selection logic -
QUTDAT - Output data for one member
KFMEAS - Kalman filter measurement incorporation
BARRES - Barometric altimeter meas. residual
RTTRES -~ Round trip timing meas. residual
GPSRES - GPS measuremant residual
GEORES -~ TOA geodetic meas. residual
GEOSOF - Geo. TOA 2nd order filter egs.
GRDRES -~ TOA relative grid meas. residual
GRDSOF - Grid TOA 2nd order filter egs.
MESINC - UDU' measurement incorporation
KFMSNC - KFMEAS nav. controller constraints
RTTREQ - Round trip timing request
RESETS - INS and clock error resets
OQUTPUT - Output results for all members
QUTDAT - Qutput data for one member
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filter computed geodetic sigmas. OCUTGRD writes an output record
of the relative navigation 2rrors and the f£ilter computed
relative sigmas. The computation of these relative data are
complex since the relative navigation is implicitly imbedded in
differences between geodetic position estimates of the member's
position and the grid origin position. "wo subroutines support
these calculations: RELCAL provides the member's estimate of the
relative position and the relative sigmas. TRUREL provides the
true relative position.

MAINLP calls three subroutines. NEXTDT determines the time
of the next event, such as a JTIDS broadcast. The simulation
will step to the time of the next event. TRUTH updates the truth
models {(actual navigation errors) and provides the actual
measurements. DPSIMS provides the member data processor
simulations,

NEXREC, called by NEXTDT, f£inds the next trajectory records
to be used. These records correspond to the time of the next
event.

TRUTH calls two subroutines. TRUTUP supervises the tine
updating of the truth models. TRUMES supervises the prepa}ation
of the actual measurements.

TRUTUP calls five subroutines. FGPSUP is the external GPS
errors time update. INSTUP is the inertial navigation system
errors time update., JTDTUP is the JTIDS clock errors time
update. GPSTUP is the GPE receiver clock errors time update.
TRUGRD calculates the true geodetic position of the origin of the

Relnav grid from the true geodetic position of the navigation
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cuntroller plus the indicated relctive position of the navigation
controller and the true grid azimuth {(beta angle).

TRUMES calls four subroutines. JTDMES provides the TITIDS
time of arrival measurements obtained by each member. RTTMES
provides round trip timing measurements., GPSMES provides GPS
pseudo range measurements for anv member to the four GPS
satellites. BARMES provides barometric altimeter measurements.
The current version of the simulator does not include GPS
pseudorange rate measurements. The effect of this omission on
navigation accuracy is small.

DPSIMS simulates the navigation software in the data
processors of the members. It cails seven subroutines. KFTIME
is the Kalman fiiter time update to the current event time.
PMESSG prepares the position message of the broadcaster (if any).
SORSEL is the measurement source selection logic which accepts or
rejects available time of arrival measurements according to the
current JTIDS covariance based hierarchy. OUTDAT outputs filter
performance data, here just before measurement incorporations.
KFMEAS is the Kalman filter measurement inccrporation routine.
RTTREQ is the round trip timing request logic. RESETS imélements
the resetting of the inertial and clock variables as a fuﬁction
of the Kalman filter estimates.

KFTIME calls three subroutines. DPPHI calculates the data
processor ifalman filter state transition matrix (phi matrix).
DPQMAT calculates the data processor Kalman filter driving noise

covariance matrix (Q matrix). KFTUP cumpletes the Kalman filter

time update, advancing the filter estimates and the covariance




matrices P using the Phi and { matrices. UDUFAC is again called
to factor the resulting P matrices.

KFMEAS calls seven subroutines. Five of these process the
different measurement types, calculating the residual, setting

W the measurement gradient vector, and setting the measurement

variance. The residual is the difference between the physical

1

measurement and the filter predicted measurement. BARRES forms a
barometric altimeter measurement residual and related data.
RTTRES forms a round trip timing residual and related data.
GPSRES forms a GPS pseudorange residual and related data.

GEORES forms a geodetic time of arrival residual and related
data. Here the predicted TOA measurement is based on the source

and user best estimates of geodetic position. GEOSQF implements

the geodetic second order filter corrections to the residual and
the measurement variance tc compensate for the nonlinear
elongation of the measured range. GRDRES forms a Relnav grid
time of arrival residwual and related data. Here the predicted
TOA measurement 1s based on the source's indicated relative
position and the user's indicated relative position, which is
implicit in terms of own geodetic position and grid oriqig
geodetic position. GRDSOF implements the grid second order
filter corrections to the residual and variance.

The JTIDS grid/geodetic offset measuresment type is not
implemented in the current version of the simulator. Simulatioa
results show that the omission of this measurement type is

significant. This measurement type therefore should be added.

MESINC implements the Bierman measuremen® incorporation
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algorithm. It operates on the measurement residual, measurement
gradient vector, and measurement variance to update the filter
estimate and associated U and D tactors of the error covariance
matrix.

KFMSNC is a subroutine called by KFMEAS if the member is the
navigation controller. It enforces the navigation controller
constraint that requires that the indicated relative pocition of
the navigation controller be continuocus even when the nav.
controller updates its estimates of INS geodetic position,
velocity, and alignment errors. This requires adjusting the griad
origin geodetic position, velocity, and azimuth estimates as a
function of the changes to the navigation controller's own
geodetic position, velocity, and alignment error estimates.

Following all measurement incorporations, KFMEAS reforms the
P matrix by multiplying the U, D, and U transpose factors.

RTTREQ sets up a round trip timing request if the filter
computed JTIDS clock phase error variance is a factor of 1.414
higher than the additive random error in a RTT measurement. The
RTT event will take place at the next integer second.

RESETS resets the inertial variables and the JTIDS clgck
variables in response tc nonzero filter estimates of the errors.
Both the truth model errors and the filter estimates of the
errors are changed at the same time point. At present, resets
are applied only to the vertical channel variables of the
inertial system and to the JTIDS clock variables.

OUTPUT is called at the end of the main loop to output the

performance data after the measurement incorporations but before

11)



the next time update.

6.2 Truth Models of Sources of Error
i The simulation navigation performance results are strongly
related to models selected to represent the important sources of
= error. This section summarizes these Simulator truth models.

The inertiil navigation error model represents a local level
three axis inertial system using the error dynamic eQuations from
the Widnall/Grundy report (Ref. 31). The basic nine state

variables and their initial one sigma values are

8 Error state Initial 1 sigma value
{ Latitude error 1 km
. Longitude error ! km
Altitude error 220 m
East velocity error 1l m/s

North velocity error 1 m/s

\'p velocity error 1l m/s

Tilt about east 2.5 arc min
Tilt abcut north 2.5 arc min
Azimuth error 1l millirad

The angular velocity error components, including gyro drift
rates, are modeled as exponentially correlated first order- Markow
random processes. Similarly the acceleration measurement error
components, due to accelerometer error and gravity model error,
are modeled as first order Markov processes. The initial and

5 steady state one sigma values and the correlacion times of these
processes are

Error state One sigma Correla

"
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Gyro drift east 8.215 deg/hr lh
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Gyro drift notth 2.815 deg/hr 1 hr
Cyro drift up 2.815 deg/hr 1 hr
Accel. error east 5@ micro g 1l hr
Accel. error north 50 micro g 1 hr

The JTIDS clock error model has a first order Markov process
for frequency error and the phase error is the integqral of
frequency error. The initial one sigma phase error and the
initial and steady state one sigma freguency error and

correlation time are

Error state One sigma Correlation time
JTIDS clock phase .1 milli sec N.A.
JTIDS clock freq. 1 E-8 sec/sec 2 hr

The simulated JTIDS time of arrival measurements all have a scale
factor error due to uncompensated atmospheric¢ retardation of 50
parts per million. 1In addition there is an additive randem error
of 30 nano sec (1@ m) one sigma. A round trip timing measurement
has half the variance o2f a TOA measurement.

Atmos. delay 5¢ ppm of range

JTIDS TOA meas. noise 3¢ n sec (10 m) one sig

JTIDS RTT meas. noise 21 n sec (7 m) one sig -

The GPS r=2ceiver clock error model is similar to the JTIDS

clock error model

Error state Cne sigma Correlation time
GPS clock phase .1 milli sec N.A.
GPS clock freg. 1l E-8 sec/sec 2 hr

The pseudo range measurement from each of the four GPS satellitzs
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is modeled as having a first order Markov error due to sources of
error external to the receiver. External error sources can
include satellite clock, satellite ephemeris, ionospheric
retardation, and tropospheric retardation compensation errors.

The model parameters are

Error state One sigma Correlation time

GPS external error Zm 8.5 hr

The GPS receiver pseudorange tracking error is modeled as an

additive random error in the measurements of 2 m one sigma.

GPS meas. noise 2 m one sigma

The barometric altimeter error model includes a scale factor
error of 3% due to nonstandard day tempurature, a zero setting
error of 50 m, 2 variation in height of a constant pressure
surface of 0.2 meters/km in both the east and north direction,
and an additive random noise of 3 meters one sigma

Baro scale factor 0.63

Zero setting 50 m

Weather slope east g.2 m/km

Weather slope north 6.2 m/km
Baro noise 3 mone sigma

6.3 Kalman Filter Models of Sources of Error

The Kalman filter implements an error state formulation.

The most significant errors of the subsystems are included in the

filter state. The choice of state variables is always a




compromise between model fidelity (many states) and filter

practicality (fewer states). Our design for an integrated

JTIDS/GPS/INS filter has the following 19 state variables:

1. 1INS
2. INS
3. INS
4. INS
S. IN5
6. INS
7. INS
8. INS
9. INS

longitude error
latitude error
altitude error
velcecity error east
velocity error north
velocity error up
misalignment east
misalignment north
misalignment up

19. BRarometric altimeter error

1l. JTIDS clock phase error relative to net time ref.
12. JTIDS clock frequency error relative tc NTR

13. JTIDS grid origin posn. error U

14. JTIDS grid origin posn. error V

15. JTIDS grid origin vel. error U

16. JTIDS grid origin vel. error V

17. JTIDS grid alignment (beta) error

18. GPS clock phase error

19. GPS clock frequency error

The initial estimate of these navigation errors is zero.
The initial value of the estimation error covariance matrix P is
non zero on the main diagonal. The square roots of these
diagonal entries are the one sigma values of the initial

estimation errors. These are

State Initial one sigma est. err.
Latitude, longitude 1 km

Altitude 298 m

Velocity east, north, up 1 m/sec

Tip about east, north 6.5 arc min

Azimuth error 1 milli rad
Barometric altimeter 200 m

JTIDS rel. clock phage
JTIDS rel. clock fregq.
Grid origin posn. u, v
Grid orientation

GPS clock phase

GPS clock frequency

0.1414 milli sec
1.414 E-8 sec/sec
1 km

1l milli rad

0.1 milli sec

1l E-8 sec/sec
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If the member is the net time reference, a geocdetic position
reference, or a ground station, then special initialization is
required. 1If the member is the net time reference, then the
JTIDS relative clock phase and frequency variznce is set to zero.
I1f the member is a geodetic position reference, then the INS
position, velocity, and alighment variances (9) are set to Zero.
If the member is a ground station, then the INS horizontal
position (not altitude), velocity (3), and alignment variances
(3) are set to zZero.

The Xalman filter state transition matrix is block diagonal.
The driving noise vector covariance matrix Q is diagonal. The
dynamics of the inercial navigation errors are represented in the
first nine by nine block of the state transition matrix. The
elements are based on the same inertial navigation error model
used in the simulation truth model. The Kalman filter model for
inertial errors does not include gyro drift states cr
acceleration error states, so the effects of these errors are
modeled as uncorrelated state driving noises. The spectral
density of the white noises driving the three velocity err;r

states has been set to
Nve, Nvn, Nvz (59 micro g)2 * 890 sec
These noises add a random walk component to the velosity errors.

After 800 sec, the variance of the random walk matches the

velocity variance that would have been caused by a 5@ micro g

11¢




bias acceleration error. The alignment error states are

similarly driven by white noises. Their densities are

Nepse, Nepsn, Nepsz (8.015 deg/ht)2 * 800 sec

This noise density causes a random walk component in the
alignment errors (epsilons) who variance at 800 sec is the same
as if there were a 0,015 deg/hr gyro drift rate.

The barometric altimeter error is modeled as an
exponentially correlated first order Markov process. The state
transition matrix uses the assumed correlation time of the error,

which is
Tauba 1.25 hr

The spectral density of the white noise driving the baro error

state is the level required to maintain the RMS amplitude of the
stochastic process at the initial one sigma value of 208 m. This
value is a function of the desired RMS level and the correlation

time,
Nhb 2(200 m)z/Tauba
The JTIDS relative clock phase error is modeled as the

integral of the relative frequency error which is modeled as an

exponentially correlated first order Markov process. The filter

model rarameters are




TauJTD 2 hr 2

NJTDf 4(1 E-8) "/TaudTD
Note the factor of 4 rather than 2. The relative error is the
difference between the member's clock absolute error and the nerc
time reference clock absolute error. The variance of this
difference is double the variance of either error.

The grid origin position errors are modeled as being the
integrals of the grid origin velocity errors, which are modeled
as a random walks. The spectral density of the white noises

driving these random walks is
Nrgvu, Nrgvvy (1 m/sec)2 / (21 min)

The grid origin errors are related to the inertial navigation
errors of the navigation controller. This level of noise density
matches the shift in grid velocity error due to one quarter cycle
of a Schuler oscillation (21 min) of a 1 m/sec INS velocity
error. The grid orientation error is modeled as a random walk

driven by a white noise of density -
2
Nrgb (P.015 deg)  / (1 hr)

This matches the azimuth error change in the navigation
controller due due a 0.0615% deg/hr gyro drift rate acting for 1
hr.

The GPS receiver clock error model has the same parameters

as in the truth model. The clock frequency error correlation
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time and driving noise density are

TauGPS 2 hr 5

NGPSf 2(1 E-8)° / TauGPS

The Kalman filter uses several types of measurements to
update its state vector estimate. The filter measurement
incorporations require an assumed value for the variance of the
additive random error in the measurement. The following values
are assumed for the variances of the baro noise, the JTIDS TOA

noise, the GPS pseudorange noise, and the JTIDS RTT noise:

Fbarvr (3 m)2

Fatmsd 50 parts per Qillion
FJTDvr (38 nano sec)

FGPSvr (2 m)

FRTTvr FITDvr / 2

The parameter Fatmsd is the assumed one sigma value of the
atmcspheric delay affecting the JTIDS TOA measurements. An
acditional increment of variance is assumed for the TOA
measurements equal to the square of the one sigma atmospheric

delay factor times the estimated range.

6.4 Simulator Running Speed

Many cases have been run using the siaiulator. The
performance results are reported and analyzed in Chapters 7 and
8. We are pleased that the simulator has proved to be economical
to operate.

For example, in a two member simulation with neither member

using GPS measurements, the simulation required 9% of real time.

That is, each 100 sec of flight time required 9 sec of computer




time.

In a four member simulation with one member processing GFS
measurements, the simulation required 38% of real time.

The time required seems to be proportional to the square of
L.ae number of members. The number of JTIDS time of arrival
measurements to be processed each JTIDS net cyclie also grows as
the square of the number of members. It appears that the
preparatior of the simulated measurements and/or the execution of
the Kalman measurement incorporation equations are dominating the

consumption of computer time.
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CHAPTER 7

JTIDS/INS SIMULATION RESULTS

7.1 Baseline Sigulation Conditions

A series of simulations have been run using the M.I.T.
simulator to explore the performance characteristics of JTIDS/INS
relative navigation. No member has access to accurate geodetic

1nformation; such as couid be obtained with a GPS receiver. The

]

simulations explore the effect on perfocrmance of several
variations in conditions. Unless otherwise stated, the baseline
conditions are as summarized in this section.

The community organization has a single navigation
controller who is also the time master. There is no secondary

controller, such as an end of baseline member. The navigation

»
A pb e oMb VL) e S TR A AR 5 N

i 0k

controller is always member 1.

g g2t

Additional members beyond the navigation controller are all
designated primary members. This means among other things that
they may use ac"ive round trip timing whenever their compu;ed
relative clock uncertainty exceeds a tight threshhold.

The organization is a covariance based hierarchy.

The Kalman filters include the Gaussian quadratic protection

for the nonlinear elongation of the measured range.
The data processor aigorithms simulation is carried out in
single precision.

The time slot assignmencs are such that all members
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broadcist once per 12 sec cycle.

Some of the simulations have only two members, the
navigation controller plus one other. Other simulations have
four members, the navigation controller plus three others.

DPifferent trajectories are flown. The dynamics are that of
flying aircraft or hovering helicopters. 1In all of the
trajectories, t@e members are flying at the same constant

altitude.

7.2 Trajectory Effect on Performance

Several different trajectories have been flown to illustrate
the effect of the trajectory on the relative navigation
performance.

A two member boomerang shaped ground track trajectory is
shown in Fig. 7.1. The navigation controller is hovering and
member 2 initially is flying directly at the nav. controller
(member 1) from the east. Member 2 turns north just before the
navigation controller and flies straight north.

For the two member bcomerang trajectory, the relative
navigation results for member 2 are shown in Fig., 7.2. The
relative position estimation error and the filter computed
uncertainty (one sigma error) are plotted. Both the plus one
sigma value and the minus one sigma value are plotted to form a
symmetric band about zero error. The two horizontal components
of relative position error are plotted. The U axis is nominally

east. The V axis is nominally north. The actual orientation of

these axes depends on the value of the azimuth alignment error of




e e

J

1
&
o]

[(SH3L4w) JINVLISIO HINON 3NVId INIONYL

=

29

1§
-

10

PLANE EA

ST

T
b

TANGEN

Two Member Boomerang Trajectory

7.1

Fig.

123




s 5 5
S - — 3 L5 — - >
T ' ’ m \IIJ L M T T Ww T 1 0

T
1
259
T
258
A
250

1Y

™ | c

-
!
|
229
o
200
<02
C

-

S
Relnav Results

+4
Q [ N -
- 4 A.u ; N - Qmm 0 g4
— « ~ -
bl b
o
?r
Q ) D @
- - -4 . 48 _ 4 & s
1 — .@I& — r
P
g .
T
L = a8 MM ; S 3 ¢
L (] 2 7N o2 €
L] o
i 2 o
[
. \ o
[ _ 2
S e e t e | & L [ { A L | @ o~
<N & [an] R [ ) & o~
& S S = & & S S 8 e ® B 3 £3 ~
wn (] i Ty} « n e oy TS Wl 2] Wl .
- — ) ﬂ 4$ - — ! ﬂ i o0
-~ . - . . . . - PR . o Y R B A ~t
[SH313W] THO0I-N OI&9 M3Y ¥Oody3d 3Nl [SYILIN] ‘QHO0D-A QIsd). 13d 40uH3 2L [
- i YA Rt e T e e T T T T T S . - T TP s a e PR g g
. ‘ ‘ | B . ey ’ . ... ‘ | . rl.w 1:0 :‘r».... ...\ o . I -



TRUE ERROR REL. GRID U-COORD. [METERS)

TRUE ERROR REL. GRID V-COORD. [METERS]

Fig.

SESICES

420

300+

200 -

160

Bl

1 1 1 i ! - 1

L

) I

1

%

198 120 140 160 1623 208 220

T

-100

-200

-503

i | 1 : 1 1 3

260 282

-400

190 120

149 160 180 290 220

200 280

150

R

109+

-100

Y

-—)

=
-

-

i 1 1 1 T T

T

N

Foe

1 1 j - 1 1 |

|

i

L

4
T

M

7.2(b) Boomerang Trajectory,

EMBER 2 TIME (SEC]

125

2]
100 120 140 150 180 200 228 240 260 280

¥
o

38

Relnav Results, Expanded Scale



the navigation controller inertial navigator.

The initial uncertainty of both components is computed to be
1406 meters. Recall the estimated relative position is the
difference between the estimated geodetic position of the member
and the estimated geodetic position of the relative grid origin.
The initial covariance matrix assumes these errars are
uncorrelated end each has a 1900 m uncertainty. The initial
uncertainty of the relative position is the root sum square of
these two uncertainties,

Memher 2, being to the east, has good geometr” for measuring
easterly (U) relative position. After the first time ¢of arrival
measurement and round trip timing measurement, the U uncertainty
has been reduced to about 288 m. Subsequent measurements reduce
the computed uncertainty at 58 sec 2o about 180 m but the actual
U error is about 20¢ m. The reason the filter is not even more
optimistic about its accuracy is that the Gaussian quadratic
equations protect the estimation pracess from divergence due to
the nonlinear elongation ¢f the measured time of arrival. Note
there is no improvement in the knowledge of north V) relative
position during this initial period flying in from the eas;.

Member 2 is turning north at about 89 sec. The northerly
(V) relative position is soon accurately estimated. Both the
actual V error and the computed uncertainty are reduced to the
order of 18 m. The easterly (U) errvor, however, gradually grows
to about 388 m in 238 sec. Evidently the filter was unable to

reduce significantly the initial 1.4 m/sec east relative velocity

error during the initial inbound portion of the trajectory.




In the two member tear drop trajectory shown in Fig. 7.3,
member 2 again approaches from the east and turns north. But
then it turns southeast. The relative navigation results of
member 2 are shown in Fig. 7.4. Up until the turn to the
southeast, the results are similar to those of the boomeraug
trajectory. After the turn to the southeast at about 152 sec,
the easterly relative accuracy improves, reaching the level of 10
m by 308 sec. The northerly accuracy deteriorates to about 80 m
in the last 150 sec, a rate of about 8.5 m/sec. The filter was
somewhat successful at reducing the initial northerly 1.4 m/sec
relative velocity error.

In the two member fly around trajectory shown in Fig. 7.5,
member 2 does a U turn around the hovering navigation controller.
The relative navigation performance results are shown in Fig.
7.6. The results are similar to those of the tear drop
trajectory. About 15 m accuracy is eventually achieved along the
line of sight and the c¢ross range accuracy deteriorates at about
#.5 m/sec.

The four member creossing trajectory shown in Fig. 7.7 is
designed to give high angqular velocities of the lines of s;ght.
Members start at the corners of a 20 km square, flying in
ctraight lines toward the center of the initial square (actually
a little left of center). They all cross each other, crossing a
few kilometers behind the member who had beer coming from ones
left. The relative navigation results for members 2, 3. and 4

are shown in Figs. 7.8, 7.9, and 7.18. The final accuracies are

not as good as with the previous trajectories. Member 2 has a
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260 m northerly uncertainty at the end, which is growing at 1.4
m/sec. Apparently the rapid pass behind the navigation
controller did not last long enought to reduce the initial
northerly relative veloecity error. Member 2 has easterly and
northerly errors both growing rapidly at about the same rate.
Member 4 errors are similar to those of member 2, bhut with the

roles of U and V reversed.

7.3 Round Trip Timing Effect on Performance

The two member fly around trajectory of Fig. 7.5 has been
repeated but with round trip timing not allowed. The perfmance
results, shown in Fig. 7.11, may be compared with the performance
with cound trip timing, which were shown in Fig. 7.6. Without
RTT, on the inbound leg the member is not able to resolve its
distance/time ambiguity. Not until the line of sight starts
rotating noticeably does the easterly error come down. After
flying around the navigation controller both components of error
have been reduced to the order of 160 m. On the cutbound leg
these errors grow to about 288 m. This is significantly worse

than with RTT. With RTT, at the end tne along range error was

about 15 m and the cross range error was abou: 80 r

7.4 Democratic Organjization Performance

In Chapter 3, using a simple two dimensional simulation with
very few state variables in either the truth medel or the filter
models, we demonstratad that the democratic o. " .ization without

round trip timing can be unstable. Recall the democratic
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organization is one where all time of arrival measurements are
incorporated by the filter regardless of the reported accuracy of
the source., It is of interest to demonstrate the instability of
the democratic organization using our high fidelity simulator.

The trajectories of a four member community are shown in
Fig. 7.12. The four members are flying north in formation
maintaining constant separation at the corners of a 20 km square.
The JTIDS source selection logic is disabled so that all time of
arrival measurements are accepted as relative position updates.
The use of the same measurements as geodetic updates has been
inhibited. Also round trip timing has been inhibited. The
relative navigation performance results for members 2, 3, and 4
are shown in Figs. 7.13, 7.14, and 7.15. The actual single case
estimation errors are wildly unstable with errors as large as 6
or 8 km within 680 sec. The ownstate filter computed
uncertainties are totally unaware of this instability. As more
measurements are processed, the filters believe the accuracy is
getting better and better.

The simulation has been repeated, but with round trip timing
enabled. The results are shown in Figs. 7.16, 7.17, and 7:18.
RTT seems to stop the oscillatory instability. However with the
democratic organization the computed uncertainties again become
very optimistic. With no relative motion, there is no way for
the community to discover the orientation of the square.

Relative position normal to the line of sight to the navigation
controller is unobservable (even for a centralized all

measurements optimal estimator). This lack of observability is
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evident in the single case estimation errors. And vyet the
ownstate filter computed uncertainties are gradualiy going to

Zero.

7.5 Nonlinear Protection Effect on Performance

Our Kalman filter design includes the Gaussian quadratic
equations for protecting the filter from the effects of the
nonlinear elongation of the measured time of arrival
measurements. To show the importance of this design feature, we
have run simulations with and without this protection.

A four member scenario was run with trajectories as shown in
Fig. 7.19. This is similar to the previous trajectory except
that there is some relative motion due to member two not flying
in formation with the others. 1In theory this motion of member 2
provides observability. The relative navigation results with the
nonlinear protection are shown in Figs. 7.28, 7.21, and 7.22.

The results without the nonlinear protection are shown in Figs.
7.23, 7.24, and 7.25. With the nonliiear protection, the actual
estimation errors are somewhat smaller and the filter computed
uncertainties are in good agreement with the estimation ef}ors.
Without the nonlinear protection, the filters have optimistic
computations of the uncertainties and the actual errors are
larger. Filter divergence is moct noticeable in the case of the
eas-erly error of member 4.

Another pair of runs has been generated using the two member
tear drop trajectory, previously shown in Fig. 7.3. The results

with the nonlinear protection ~re shown in Fig. 7.26. The
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results without the nonlinear prutection are shown in Fig. 7.27.
Again the nonlinear protection serves to prevent filter
divergence.

Note the run with the nonlinear protection is not identical
to the run shown earlier in Fig. 7.4. The difference is that
here we have overriden the random number generator that sets the
initial estimation errors and we have set the initial northerly
relative error at 14¢0 m. This assures that the single case will

exhibit nonlinear effects.

7.6 Measurement Noise Effect on Performance

It is of interest to know what effect reducing the
measurement noise woulu have on performance. The baseline values
for the measurement noises that we have been using in the
simulator are 16 m and 7 m one sigma for the time of arrival
noise and the round trip timing noise. Both the truth model and
the filter model have assumed these levels. We have run some
simulations with these noise levels reduced by a factor of 14,
both in the truth model and in the filter model. The result,
which at first was surprising to us, was that reducing the-noise
level had no noticeable effect on the performance.

After puzzling over these data for a while, we realized that
the dominant source of the poor relative navigation accuracy was
not the measurement noise. More significant sources of poor
accuracy seem to be the single navigation controller method of
grid setting, the low relative motion in some trajectories, and

the measurement nonlinearity.
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If one did not need to protect the estimation process from
the effect of measurement nonlinearity, then the level of the
measurement noises would be an important consideration. 1In the
last section we showed that without the nonlinear protection the
filter computed uncertainties do come down somewhat. We have
rerun the four member low observability trajectory of Fig. 7.19,
again without the nonlinear protection, but in addition with the
measurement noises reduced by a factor of ten in both the truth
model and the filter model. The results are shown in Figs. 7.28,
7.29, and 7.38. The filter computed uncertainties are further
noticeably reduced.

The simulation results also show more severe filter
divergence due to the neglected nonlinearity of the measurements.
This is generally true, that nonlinear effects are more important

when the measurement noise is small.

7.7 Filter Numerical Precision Effect

In the dual grid implementation of the JTIDS navigation
software, the position in the geodetic grid is explicitly
estimated, but the position in the relative grid is implicltly
estimated. Relative position states do not appear in the Kalman
filter. When an indication of relative position is wanted, it is
obtained by differencing the estimated geodetic position and the
estimated grid origin geodetic position. The uncertainties in

geodetic position may be of the order of several kilometers. The

uncertainties in relative position may be of the order of tens cf

meters, which is two or three orders of magnitude better. These
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relationships are carried in the error covariance matrix. A
consequence of this differencing of the two geodetic estimates
with their highly correlated large errors is that the error
covariance matrix is nearly singular. Therefore one must check
to be sure that filter numerical precision is adequate.

We have generated two runs, one with single precision filter
computations and one with double precision filter computations.
Or the computer being used to run the Fortran simulator, single
precision has about 7 decimal digits of accuracy and double
precision has about 16 digits accuracy. 1In each run, the four
member trajectory of Fig. 7.19 was used. Table 7.1 shows some of
the numerical results. The results are essentially the same.
However the estimation errors and the filter computed
ancertainties of the two cases differ in the second or third

digic.

Table 7.1 Filter Precision Effect, Member 2
11 Relative Position Error

7 Digit Precision 16 Digit Precision
Time True Filter Comp. True Filter Comp.

Error Sigma Error Sigma -
(s) (m) (m) (m) (m)

g -395.74 1414.23 -995.,74 1414.23

2 -2.76 13.85 -2.76 13.83
13 -16.23 21.48 -16.23 21.46

58 -159.28 49.81 -161.26 48.91

We concluded that single precision was adequate f~r our
simulation work. However the designers of flight software should
consider carefully the effect of any shorter word lengta in the

available flight computer.
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7.8 JTIDS/INS Performance Conclusions

The effect of various trajectories on relative navigation
accuracy was explored. All cases had a single navigation
controller. It is important that there be relative motion
between members providing angqular velocity of the lines of sight.
With round trip timing a member can gquickly determine its range
from the navigation controllier. The initial accuracy is limited
by nonlinear effects if the range is close and the cross ranje
uncertainty is large. With angular velocity of the line of sight
to the navigation controller, a member eventually estimates its
other component of relative position. TIf the line of sight
returns to the original direction, nonlinear limitations on
accuracy are overcome and the positional accuracy along the line
of sight is of the order of the 12 m noise in tﬁe time of arrival
measurements. Generally members were not able to significantly
reduce their initial relative velocity errors, so cross range
accuracy deterioratec noticeably when the directionrto the
navigation controller stops changing.

In some of the trajectories the navigation contrcller-was
not moving. This did not seem to prevent the other members from
determining their relative position. If members did r»at have
inertial systems, there would bc an azimuth ambiquity with a
fixed navigation controller. But with well aligned inertial
systems, the members are able to determine their relative
direction from the navigation controller.

In none of the trajectories examined could members
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simultaneously fix both components of norizontal position te the
level of 18 m accuracy. A possible conclusion is that two
navigation controllers (end of baseline concept) are needad to
achieve accurate relative navigation.

Round trip timing has a significant beneficial effect on
relative navigation accuracy. This was demonstrated with a two
member trajectory comparing the performance with and without RTT.
With RTT the initial aleong range position can be determined.
Without RTT no component of position is determined untii there is
significant variation in ghe line of sight to the navigation
controller. With RTT the member has some success at estimating
both components of relative velocity. As a result good
navigation accuracy is held longer after the line of sight stops
changing. Without RTT the member had no success at estimating
relative velocity. Both components of position error at the end
are growing at the rate of the initial relative velocity error.

A simulation with a democratic organization of four members
and without round trip timing was shown to be wildly unstable.
When RTT was added, the instability was eliminated. The ownstate
filters still had hopelessly optimistic computed uncertain;ies.

The Gaussian quadratic eguations, for protecting the filior
from the effect of the nonlinear elongation of the time of
arrival measurements, have been shown to be important for
preventing filter divergence.

The 18 m 2:d 7 m one sigma noises in the time of arrival and
round trip timing measurements are not significant contributors

to the relative navigation error. The more important sources cf




error seem to be the single navigation controiler method of
establishing the relative navigation grid, the low angular
‘relocities of the lines of sight on some trajectories, and the
measurement nonlinearity. If nonlinearity were not a significant
problem, then the measurement noise would be a significant source
of error. Other methods of grid setting, such as the end of
baseline method can eliminate nonlinear difficulties. Under
these organizations, the measurement noise level would be
important.

The effect of filter precision was explored. There was a
difference in numerical results observed in the second or third
digit comparing a single precision run and a double precision
run. Single precision accuracy here had 7 decimal digits. The
sensitivity to precision is due to the way that relative
navigation is carried implicitly as the difference between
geodetic position estimates. 5Some flight computers, with single
precision accuracy less than our 7 digits, may have to implement

the Kalman filter in double precision.
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CHAPTER 8

JTIDS/GPS/INS/SIMULATION RESULTS

8.1 Ope Member GPS Equipped

Two runs have been generatad showing navigation performance
with some members having a GPS receiver in addition to the JTIDS
receiver and inertial system. 1In both of these runs the
trajectory is the four member low observability trajectory in
which member 2 angles out from the initlal square {(Fig. 7.19).
In the first run only member 1 is GPS equipped. In the second
run both member 1 and member 2 are GPS equipped.

There are four GPS satellites providing excellent geometry.
The azimuths and elevations of the satellites at the beginning
and end of the 384 sec simulations, as seen from one reference

point in the community, are

Tiwme Satellite Azimuth Elevation

(sec) (deg) (deg)
2 1 32.8 14.4

2 18.1 87.9

3 ~146.5 19.1

4 129.3 7.1

380 1 33.1 12.4
2 i4.2 84.3

3 ~145.2 21.2

4 138.1 5.5

With only the navigation controller (member 1} being GPS
equipped, the community geodetic navigation results are shown in

Figs. 8.1 through 8.4.
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Fig. 8.1 is for the navigation controller. The excellent
navigation accuracy provided by GPS is shown. Easterly and
northerly geodetic position errors are only 3 to 5 meters. Ths
filter computed uncertainty of 2 m is somewhat optimistic. This
discrepancy is due to the external GPS errors (satellite clock,
satellite ephemeris, ionospheric retardation; and tropospheric
retardatisn) which are not modeled in the Kalman filter state.

The simulation incorporates a set of four measurements once
each 12 sec cycle. No pseudorange rate measurements are
simulated. An actual GPS navigator processing measurements more
often and also using pseudorange rate measurements can be
expected tc have slightly better accuracy.

To be able to show the expanded scale, the processing on the
first set of four measurements is not plotted. This initial fix
reduced the initial 1680 m error down to the levels shown. After
the second fix, the velocity also is accurately known, so the
sawtooth amplitude is reduced.

As soon as nember 1 bas fixed its »wn geodetic position it
can assist others in determining their geodetic positions. The
results for members 2, 3, and 4 at first seem disappointiné,
unti} one realizes that they can do no better than their ability
to determine their relative position. Thus we see geodetic
navigation errors in some components of 2¢@ m or more.

At the same time that the members are trying to determine
their gqeodetic position, they are also implicitly trying to
determine their relative grid positicen (dual grid concept). Time

of arrival measurements are being processed both as geodetic
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updates and relative grid updates, following the ccvariance based
hierarchy logic of JTIDS. The relative navigation results for
menbers 2, 3, and 4 are shown in Figs. 8.5, 8.6, and 8.7. The

results are similar to the geodetic results.

8.2 Two Members GPS Equipped

Tne geudetic navigacion capability of the community 1is
enormously improved if two memker3 arve GPS equipped and are
tracking. 1In this =s2cond simulation, members 1 and 2 are GPS
equipped. The gecdetic navigation results for all members are
shown in Figs. 8.8 through 8.11. Both members 1 and 2 have the
excellent accuracy associated with GPS. Members 3 and 4 are abie
to fix their own positions from the ITIDS measurements off of
members 1 and 2. The accuracy of their fixes is limited by the
10 m one sigma tine of arrival noise plus any geometric dilution
¢f precision.

The relative navigation results are shown in Figs. 8.12,
8.13, and 8.14. The surprising result shown is that the
navijation accuracy in the relative grid is much worse than the
navigation accurecy in the geodetic grid. How can this be;

The explanation is that in the current version of the
simulator we have not yet implementcd the grid offset measurement
type. The grid offset measurement is not a physical mreasurement
but is prepared from dzta in the JTIDS position message. Using
both the geodetic positiocn and the relative position reported by

& sSource, one can update ones own estimate of the location of the

origin of the relative grid. Without this pseudc measurement,
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members 2, 3, and 4 in our simulation never successfully
estimated the location of the origin of the relative grid, so
they were unable to convert their accurate knowledge of geodetic

position into accurate knowledge of relative position.

8.3 JTIDS/GPS/INS Performance Conclusions

The simulations show that a community with two GPS equipped
members will have excellent geodetic navigation accuracy. The
accuracy will be limited by the JTIDS measurement noise and the
geometric dilution of precision.

Accurate position in the relative grid should follow. If
every member Knows their own geodetic pesition to 10 or 20 m
accuracy, then they should also know their positions relative to
each other to the same level of accuracy. With the ownstate
formulation, to achieve this one must have a grid »ffset pseudo
measurement type.

If only one member is GPS equipped, chen the community
geodetic acuuracy is no oetter tnan the usual relative navigation
accuracy. Rel;tive motion is required to provide observability

and measurement nonlinearily limits the accuracy that can be

obtained.
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CHAPTER 9

CONCLUSIONS AND RECOMMENDATIONS

9.1 Stability of Decentralized Navigation

We have made significant progress in understanding the
stahility of the ownstate organization of the decentralized
navigation problem. The prior work of others reported in the
litevature was largely based on simulations. It was generally
agreed that democratic organizations had a tendency to be
unstable. The covariance based hierarchy waes proposed to prevent
instability. In evaluating simulatiens of covarianced based
hierarchies, different authors rave r2ached different
conclusions. Some authors claim the covariance based hierarchy
is stable and other authors say it is unstable. Lacking has been
an analytic (as opposed to simulation) approach tec understanding
and proving stability.

We have succeeded in proving analvtically the stability of
one particular form of ownstate orgarization, namely the fixed
rank hierarchy. The community errors are stable if tue
individual member ownstate filters are stable with respect to
their suboptimal model. Sufficient conditions fotr individual
filter stability are controllability of the suboptimal state by
the assumed driving noises and observability of the suboptimal

state. Controllability is built in by the filter designer.
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Observability depends on the avalilable measurements and their
tire varying gecometry. For some members observability may depend
on there being motion or on being allowed to use round trip
timing.

The disadvantage of the fixed rank hierarchy is that there
is no way of assigning fixad ranks that will be good rfor ali
missions. We jave a four member example in which for a certain
assignment of the rankings each member had the necessary

obszrvability. The community navigation solution was guaranteed

th

stable. But for an alternate assignment of the rankings, two ¢
the mempers failed to have the necessary observability.
Stability couid not be guaranteed.

The covariance based hierarchy overcomes the disadvantage of
the fixed rank hierarchy, assuring information from members witn
accurate navigation will. propagate throughout the community.
However it is not clear that this organization can be proven
stable. Rank reversals can occur because after processing many
measurements from suwposedly more accurate sources, a member will
believe it now has better accuracy than one or more of its
vrevious sources. The role of source and user then reve:;es.
Thus ciosed loop information pachs do exist. It seems reasonable
to predict that if the rank reversals occur infrequently relative
to the settling times of the individual filters, then the
community will be stable. But if the rank reversals are frequent
and the settling times of the filters are large, then the
comaunity might be uyastable.

Furthur research is needed to establish the conditioens under
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which the covariance based hierarchy can be guaranteed stable.
It may be nacessary to enforce some rules concerning the

allowable rate of rank reversals.

9.2 Navigation Based on Measurement Sharing

We have proposed an alternative to the ownstate crganization
of the community navigation problem. We call this navigation
based on measurement sharing.

The proposed measurement sharing organization has excellent
performance characteristics. Member estimates of their own
errors approach the theoretical optimal. Positions and clock
errors &re successfully estimated in one or two cycles of
measuremants. The accuracy is at the level of the measurement
noise.

The measurement sharing organization decouples the
estimation pirocesses nf the members. Should one memher's filter
be poorly implemented and be producing bad estimates, this will
have no effect on the estimates of other members. Similarly
there is no possibility of an instability similar to the
interaction instability of ownstate democratic organizati;ns.

To limit the navigation message traffic to acceptable levels
it is necessary to inctroduce the concept of primary members and
limit measurement sharing to these members. Further research is
needed to explore the necessary number of primary members. Wet
management rules for dropping a primary member and introducing a
new primary member need to be explored.

A move precise estimate of the number of bits to be
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transmitted needs to be worked out. The issue of whether or not
reset information must be broadcast must be considered.

The measurement sharing approach simplifies the source
selection logic. There is no need for the covariance based
hierarchy source selection logic.

The number of measurement types is reduced. There is only
one time of arrival measurement type. Compare this with the
current JTIDS baseline s¢ tware, with its geodetic update type
end relative grid update type. Also there is no need fer the
JTIDS grid offset measurement type, which has two components.

A suboptimal filter can be implemented in each member,
deleting the rate states of the other members. Performance is
nearly optimal, according to our 2-D low state small number of
wmembers simulations. These performance tests shculcd be repeated
in a 3-D sirulator with more state variables in the truth and

filter mode.s and with more members.

9.3 JTIDS/GPS/INS Integration

Another objective o€ our research has been tu explore the
integration of JTIDS, GPS, and INS data. We reviewed the-
benefits of JTIDS/CPS/INS integration. We discussed the changes
needed to the communication traffic and to the member software.

It is evident that to achieve all cf the possible henefits
of full JTIDS and GPS data integration there is a significant

increase in the cuantity of the data traffic between members and

in the cormplexity of the member software. The designers of the

h

rnetwork and the system software must conduct tradecff studies to
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determine whether or not each added complication brings a
sufficiently significant benefit. In some cases accuracy
analysis or simulation is needed to quantify some of the
performance benefits. From our swn assessment of the costs and
benefits, we have made some recommendaticns.

The ability to share gendetic information is already
included in the JTIDS network data and member software. The
performance benefits from using this capability seem significart
enough, so this should be retained.

To obtain the benefits of JTYDS time being synchronized to
GPS time, a small message must be added to the networt stating
the time offset. Members must have a hardwired timing line
connecting their GPS and JTIDS clock functions. Software
additions are needed to handle the timing information. The
benefits are sufficiently worthwhile to justify these increases
in complexity.

To share the GPS satellite data messages will add a
significant amount of data traffic to the network. The benefit
of continued GPS code tracking long after carrier tracking has
been lost due to jamming may not be judged worth the traféic.

To share GPS lines of pesition may not add a great amount to
the network data traffic. But it does increase the member
software complexity in the Kaiman filter and in the measurement
selection logic. It seems to us that the benefit is not great
because the only situation where this sharing is useful is in the
urilikely event that no two GPS equipped members can get a GPS fix

and yet three members can each track pairs of satellites.
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Because of the poor benefit to complexity raticv we recommend that
shariag of GPS lines of position not be implemented.

A key element in the member scftware is the Kalman filter.
We designed a 19 state Kalman filter to integrate the JTIDS, GPS,
INS, and barometric altimeter data. The Bierman UDU' factored
algorithm was used to incorporate the measurements. We have
added software protection for the nonlinear elongation of the
measured times of arrival. This protection is based on Gaussian
quadratcic nonlinear filter theory. This protection is important
for JTIDS becausa2 of the possible close ranges and moderately
large estimation errors. Further development work is needed to
simplify rthe protection equations for use in the flight
computers.

In practical integrated navigation system design, an
important design requirement is to prevent failures of one data
source from corruptirig what would ctherwise be a gooc¢ navigation
solution kased on the other data sourczs. For example in the
design of integrated JTIDS/GPS/INS navigation systems one should
ensure that a JTIDS data failure doces not prevent GPS/INS
navigation, aud that & GPS data failure does not prevent -
JTIDS/INS navigation. Wnat method of data integration can meet
this partitioning requirement? Given svfficient computer
capacity, a straightforward mechanization is to run three Kalman
filters. One is the JTIDS/INS filter. The second is the GPS/INJ
filter. The third is the fully integrated JTIDS/GFS/INS filter.
However if the available computer resources do not permit %his

solution, perhaps an alternate approach can be developed. Would
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it be possible to run two filters (the JTIDS/INS filter and the
f_ K GPS/INS filter) and combine their estimates with an algorithm

requiring less computer time than that of a third Kalman filter?

;
v el -

Ideally the estimates from such an algorithm would be

i,

1 theoretically equivalent to that of the optimal filter. This is
Z an important topic for future rescearch.

9.4 Performance Simulations

We have developed a faithful simulation of integrated

JTIDS/GPS/INS navigation. The simulator has been carefully

i . T i3 Bt

designed to provide accurate predictions of navigation

) /\
e At

iy

‘ﬂ, : performance while not requiring excessive computer time. The

7 simulator is implemented in Fort.an. Careful attention was
devotad to partitioning the simulatiein into separate frnctional
“f subroutines, using the principles of top-down structured
programming. Approximately half of the lines of source code are
comment lines.

The JTIDS ownstate organization with covariance base)

3

- e prmiaitil e A T

hierarchy is simulated. The Kalman filter in each member is our

19 state Kalman filter design for integrating the JTIDS, éPS.
INS, and barometric altimeter cata.

Many simulations were run without the GPS data, to explore
. JTIDS/INS performance. The effect of vavious trajectcries on
. relative navigatior accuracy was explorad. All cases had a
single navigation controller. Ssveral conclusions are supported
by the simulation results. It is important that there be

relative motion between members providing angular velocity of the

R P T}
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lines of sight. With round trip timing @ member can quickly
determine its range from the navigation controller. The iultial
accuracy is limited by nonlinear effects if the range is close
and the cross range uncertainty is large. With angular velocity
of the line of sight to the navigation controller, a mewnber
aventually estimates its other component of reletive positien.

If the iine of sight returns to the original direction., nonlinear
limitations on accuracy are overcome and the positional accuracy
aiong the line of sight is of the order of the 18 m noise in the
time of arrival measurements. Generally members were not able o
significantly reduce their lnitial relative velocity errors, so
cross range accuracy detericrates noticeably when the direction
to the navigation contreoller stops changing.

In some of the trajectories the navigation controller was
not moving. This did not seem to prevent the other members from
determining their relative position. If members did not have
inertial systems, there would be an azimuth ambiguity with a
fixed navigqation controller. But with well aligned iner%ial
svstems, the members are ahle to determine their relative
direction from the navigation controller. .

In nore of the trajectories examined could memoers
simultaneously fix both components of horizoncal position tc the
level of 18 m accuracy. A possible conclusion is that two
navigation controllers (end of baseline concept) are needed to
achieve accurate relative navigation. An important topic for
further investigation would be the design and evaluation of

alternate metnods of establishing the relative grid. How dozs
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one implement a two navigation controller concept? How are the
filters initialized and what are the navigation controller
constraints? Perfo:rmance evaluations with the detailed simulator
most likely can show superior navigation accuracy and without the
need for relative motion.

Round trip timing has a significant beneficial effect on
relative navigation accuracy. This was demonstrated with a two
nember trajectory conparing the performance with and without RTT.
With RTT the initial along range position can be determined.
Without RTT no coaponent of position .s determined until there is
significant variacion in the line of sight to the navigation
controller. With RTT the member has some success at estimating
both components of relative velocity. As a result good
navigation accuracy is held longer after the line of sight stops
changing. Without RTT the member had no success at estimating
relative velocity. Both compecnents of position error at the end
are growing at the rate of the initial relative velocity error.

A simulation with a democ:a*ic orgarization of four members
and without round trip timing was shown to be wildly unstable.
When RTT was added, the ins-ability was eliminated. The ;wnstate
filters still had hopelessly optimistic computed uncertainties,

The Gaussian quadratic equations, for protecting the filter
from the effect of the nonlinear elongation of the time of
arrival reasurements, have been shown to be importani :or
preventing filter divergence.

The i m Aand 7 m cue sigm2 noises in the time of arrivai and

raund trip timing measurements are noc significant cont-ibutors
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to the relative navigation error. The more important sources of
error seem to be the single navigation controller method of
establishing the relative navigation grid, the low angular
velocities of the lines 5f sight on sceme traiectories, and the
measurement nonlinearity. I[f nonlinearity were not a significant
problem, then the measurement noise would be a significaat source
of error. Other methods of grid setting, such as the end of
baseiine method can eliminate noniinear difficulties. Uader
these organizations, the measurement noise level would be
important.

The effect of filter precision was explored. There was a
difference in numerical results observed in the second or third
digit comparing a single precision run and a doublie precision
run. Jingle precision accuracy here hagd 7 decimal digits. The
sens,tivity to precision is due to the way that relative
navigation is carried implicitly as the difference hetween
geodetic position estimates. Some flight computers, with single
precision accuracy less than ocur ? digits, may have to implement
the Kalman filter in double precicion.

Additional simulations were run using the GPS data. .The
simulations shoW that a community with two GPS equipped members
will have excellent geodetic navigation accuracy. The accuracy
Wwill be linitec by the JTIDS measurement noise and the geometric
dilution of precision.

Accurate position in the relative grid should folluw. if
every member knows their own geodetic position toc 18 or 28 m

accuracy, then they should also know their positions relative to
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each other to the same level of accuracy. With the ownstate
formulation, to achieve this one must have a grid offset pseudo
measurement tyre.

If only one member is GPS equipped, then the community
geodetic accuracy is no better than the usual relative navigation
accuracy. Relative motion is required to provide observability
and measurement nonlinearily limits the accuracy that can be
obtained.

Our Kalman filter design for integrating the JTIDS, GPS,
INS, and altimeter data performed entirely satisfactorily in the
simulations.

The detailed simulator tha% we have developed has provided
significant insight into the performance characteristics of both
JTIDS/INS navigation and JTIDS/GPS/INS navigation. We expect
that this tool will be a significant aid in future researcn

concerning decentralized community navigation systems.
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